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1. INTRODUCTION 
Traditionally, building codes for earthquake~resistant design in the 
United States [8,70,80J have separated buildings into two classes with 
respect to the distribution of mass, stiffness, and strength over the height 
of the structure. Buildings which do not have a reasonably uniform 
distribution of these attributes have been classified as being "irregular". 
WhilB simplified design procedures, such as the Equivalent Lateral Force 
method, may be used for regular buildings, special design procedures, such 
as linear dynamic analysis, are required for irregular buildings. 
Structural design is based primarily on experience with the behavior of 
buildings. It appears to be assumed implicitly that the experience leading 
to the equivalent lateral force procedures in the current earthquake-
resistant design requirements was derived from the behavior of regular 
buildings subjected to strong ground motion. Because the boundary between 
regular and irregular structures has never been documented explicitly, there 
is no reason to believe that the entire population of traditional buildings 
from which the procedure was developed was regular. However, the results 
of analytical investigations which were also used to develop the design 
procedures did refer to buildings with uniform distributions of mass, 
stiffness, and strength. Notable failures in buildings with irregularities, 
such as buildings with soft first stories or buildings with torsional 
imbalances, appear to have been interpreted as being representative of the 
behavior of all irregular structures. 
This study is concerned with the dynamic response of a particular type 
of irregular structure: planar reinforced concrete frames with setbacks. 
Architecturally, a building in which the horizontal dimension of the profile 
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decreases with height above the base is defined as a setback building. In 
terms of structural parameters, it follows that the floor area,- story mass, 
stiffness, and strength decrease with height, but not necessarily at the 
same rate. 
The investigation included experimental work using an earthquake 
simulator. Two small~scale, nine~story test structures with setbacks 
were constructed. The structures comprised two identical planar frames and 
were subjected to one horizontal component of earthquake motion parallel to 
the plane of the frames. Two building profiles, one symmetrical and one 
asymmetrical relative to the center of the base, were selected for 
investigation. The story weights at each level were proportional to the 
floor area. 
Test structure response to the base motions were interpreted through 
the displacement and acceleration histories measured at each level. The 
structures were also subjected to a series of lateral-load tests to 
establish the story strengths under static conditions. 
An analytical model was developed to reproduce the displacement 
response of the structures to the strong ground motion. The dynamic 
response of two uniform structures tested previously by Schultz [61J were 
also- considered to provide a direct comparison of regular and irregular 
frames. 
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2. DEVELOPMENT OF DESIGN PROCEDURES 
FOR IRREGULAR STRUCTURES 
Perceptions of the structural engineering profession related to 
earthquake engineering are reflected in current building codes [7,70,80J. 
Evaluations of buildings which were damaged by earthquakes and the results 
of experimental and analytical investigations of the dynamic behavior of 
structures form the basis of these seismic design provisions. A historical 
survey of lateral design forces for irregular structures is presented in 
this chapter. Because the treatment of irregular structures is tied to the 
overall development of the seismic design provisions, the treatment of 
regular structures is also considered. 
A wide range of building configurations are defined as "irregular" in 
U.S. building codes [8,70,80J. The scope of this study is limited to 
"setback" structures with the lateral'"""'force--resisting system provided by 
structural frames. In a setback building, the story mass and floor area 
decrease from the base of the structure toward the top story. 
2.1 Early Lateral Force Requirements 
Mandatory seismic design provisions were not implemented in the United 
States until 1933 following the Long Beach earthquake. At that time, the 
State of California enacted two laws that established a minimum seismic 
design coefficient, 2% of the design vertical load, for buildings throughout 
the state. 
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In 1943, the City of Los Angeles adopted a building code that related 
the flexibility of the structure to the seismic design coefficient. The 
seismic coefficient, C, and the design shear, V, were defined as 
C 0.60 N + 4.5 (2. 1 ) 
V C W (2.2) 
where 
N 
C 
W 
V 
Number of stories above the story under consideration. 
Seismic coefficient for the story under consideration. 
Weight of the N stories above the story under consideration. 
Design shear for the story under consideration. 
Using this procedure, higher design coefficients were specified for short 
buildings than for tall structures. 
In 1948, a Joint Committee of the San Francisco Section of the American 
Society of Civil Engineers and the Structural Engineers Association of 
Northern California was formed to draft a model lateral force provision for 
California [6J. Using the concept of the acceleration response spectra, the 
committee members developed, what they called, a rational criterion for 
determining seismic design forces. 
The period of the structure was used explicitly in the equation for the. 
seismic coefficient, C. 
where 
C 0.015 T (2.3) 
T Fundamental period of vibration in the direction considered, 
sec. 
s 
An expression for calculating the fundamental period, based on an extensive 
study of structures in California by the U.S. Coast and Geodetic Survey, was 
also presented. 
T o.os H 
Ib 
where 
H Height of the building in feet. 
b Width of the main portion of the building in feet. 
The total lateral force, V, was found by 
V C W 
where 
C Seismic coefficient, defined in Eq. 2.3. 
(2.4) 
(2.S) 
W Weight of the structure, full dead load plus 2S% live load. 
The design lateral force at each level, F , was specified to vary 
x 
linearly over the height for a uniform structure. 
where 
F 
x 
V 
w h 
x x 
Level under consideration. 
Lateral force applied at level x. 
Weight of level i or x respectively. 
(2.6) 
Height of level above the base to level i or x respectively. 
Equation 2.6 was based on the results from experimental and analytical 
studies of the Alexander Building in San Francisco [17J. The Alexander 
Building was found to deflect "half in shear and half in flexure." The 
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lateral load distribution corresponding to this deflected shape was similar 
to a "triangular" loading pattern. Because structures typically deflect 
more in shear than in flexure, a triangular load distribution was thought to 
be conservative. 
The effect of higher modes in the shear and moment distributions 
over the height of the structure was also evaluated by the Joint Committee. 
The shape of the fundamental-mode shear curve was found to be a reasonable 
envelope to contain the effects of the higher modes. Consideration of a 
combination of modal shears lead to an hour-glass shaped shear distribution 
with reduced design shears around mid-height. From a practical view, it was 
more desirable to design the structure for an increasing shear resistance 
from top to bottom [57J. 
These provisions were developed for regular structures. However, 
provisions for irregular structures were also presented. To accommodate 
irregular structures, an average height of the structure was defined 
(Fig. 2.1), and the average height was used in Eq. 2.4 to calculate the 
period. Because the average height of an irregular structure is less than 
the actual height of the structure, the calculated period for an irregular 
structure is less than the calculated period for a regular structure of the 
same height. The corresponding seismic coefficient, C, is therefore greater 
for the structure with setbacks than for the regular structure. Design 
shears were distributed over the height using the triangular distribution 
formula, Eq. 2.6. This procedure was thought to be reasonable if the 
area of the tower was greater than 25% of the area of the base. 
Criticisms of the draft provisions focused on the participation of 
higher modes. Suggestions to improve the recommendations included explicit 
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consideration of the higher mode effects [43J and increasing the top story 
shear coefficient to 20% of the total base shear [62J. The possibility of 
forced harmonic motion of the tower portion of an irregular structure was 
also a concern [43J. 
In 1959, the Seismology Committee of the Structural Engineers 
Association of California published the "Recommended Lateral Force 
Requirements" [68J. These recommendations included many procedures which 
had been introduced in the Joint Committee draft [6J. 
The equation for the design base shear coefficient was modified to 
include the influence of the lateral force resisting system. 
where 
v K C W 
V Total lateral load or shear at the base. 
C Seismic coefficient, defined in Eq. 2.9. 
W Total dead load. 
(2.8) 
K Constant for lateral force resisting system. (0.67 < K < 1.33) 
The seismic coefficient, C, was defined as 
where 
C 0.05 
31T 
(2.9) 
T Fundamental period of vibration in seconds in the direction 
under consideration. 
In lieu of a more detailed calculation, the fundamental period, T, was 
determined from the empirical U.S. Coast and Geodetic Survey equation, 
Eq. 2.4. 
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The triangular distribution was used to determine the lateral force 
dis~ribution over the height of the struct~e, Eq. 2.6. For slender 
structures, height to depth ratio greater than 5, ten percent of the total 
base shear, V, was applied at the top story. 
During the preparation of the recommendations, the Setback Study Group 
considered the dynamic effects of various sizes of symmetric tower setbacks 
(Fig. 2.2). Key parameters were the ratio of the width of the tower to the 
width of the base, tlb, and the ratio of the height of the tower to the 
total height of the structure, T/H. 
The Study Group was able to categorize the setback structures into four 
groups on the basis of building profile, and prescribe special seismic 
design procedures for each group. These procedures ranged from considering 
the structure with setbacks as a uniform structure to considering the 
structure as two separate structures with modified shear coefficients [68J. 
The findings of the Setback Study Group were not incorporated into the 
recommendations because of the difficulties associated with defining the 
many possible setback configurations in the code [14J. The report of the 
Study Group is presented in an appendix to the Recommended Lateral Force 
Requirements [68J. The Los Angeles City Code provisions for setbacks were 
adopted for the recommendations [14J: 
Buildings having set-backs wherein the plan dimensions of the 
tower in each direction is at least 75 percent of the 
corresponding plan dimension of the lower part may be considered 
as a uniform building without set-backs for the purpose of 
determining seismic forces. 
For other conditions of set-backs the tower shall be designed 
as a separate building using the larger of the seismic 
coefficients at the base of the tower determined by considering 
the tower either as a separate building for its own height or as 
part of the over-all structure. The resulting total shear from 
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the tower shall be applied at the top of the lower part of the 
building which shall be otherwise considered separately for its 
own height. 
The SEAOC recommendations were approved by the State of California in 
1960 and were included in the 1961 edition of the Uniform Building Code 
[78J. 
2.2 Dynamic Behavior of Structures 
Before 1950, the available information of the dynamic behavior of 
structures was quite limited. The U.S. Coast and Geodetic Survey had 
conducted approximately 1,600 vibration tests on 430 buildings by 1949 [6J, 
however, the computational effort required to analyze the structures and 
compare the results with the measured quantities was prohibitive. 
The Alexander Building in San Francisco was an exception. During a 25 
year period, starting in 1934, analytical and experimental models of the 
structure were evaluated with respect to measured periods and response 
during strong winds and minor earthquakes [15,16,17,36J. The triangular 
lateral force distribution adopted by the Joint Committee, Eq. 2.6, stemmed 
directly from the displacement characteristics of this structure [6,57J. 
The corresponding shear distribution was similar to the fundamental-mode 
shear curve, which was thought to be a reasonable envelope to contain the 
effects of the higher modes [6,57J. 
The Joint Committee provisions were developed from the dynamic 
characteristics of a single building and incorporated only the fundamental 
period into the design procedures. However, structures designed by these 
procedures were thought to have "reasonably well-balanced strength to resist 
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the combination of shears of various modes to which the structure actually 
be subjected during an earthquake" [6J. The structural engineering 
community was not confident about these assumptions [43J. 
A significant research committment was initiated during the 1950's and 
60's to investigate the dynamic response of a wide variety of structures. 
Calculated, elastic response histories were viewed as an exact 
representation of the behavior of the prototype structure during an 
earthquake. Combinations of modal maxima obtained from response spectrum 
analyses and shears corresponding to design procedures were compared with 
the maxima obtained from response history calculations to establish ranges 
in which the approximate methods were valid. 
2.2.1 Participation of Higher Modes 
Not surprisingly, the Alexander Building was among the first structures 
for which elastic response histories were calculated. Using an ideal 
shear~beam model of the structure and the E~W component of the 1940 EI 
Centro ground motion, Clough found that the maxim~~ base shear was a 
combination of the first mode spectral response plus approximately 40% of 
the second and third mode spectral responses [22J. However, the maximum 
shear distribution over the height was quite similar to the shear 
distribution obtained from the triangular loading specified in the Joint 
Committee draft provisions [6J. 
Tung and Newmark used 12 ground motions to determine the dynamic 
characteristics of two 10=story buildings [77J. Uniform and linearly 
varying mass and stiffness distributions were considered. The shear 
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distributions were found to be nearly parabolic, which was consistent with 
the triangular loading assumption, Eq. 2.6. 
By the time SEAOC published the Recommended Lateral Force Requirements 
[68J, the results of these analyses had confirmed the belief that the 
triangular later-load distribution leads to a reasonable strength 
distribution for a set of typical structures. However, the results also 
indicated that a more "accurate" representation of the behavior of a 
structure during an earthquake may be obtained from elastic, dynamic 
analysis procedures. 
Response spectrum analysis was viewed as a practical method of 
determining the dynamic characteristics of a structure without the labors of 
response history calculations. The disadvantage of this method was the 
selection of an appropriate method for combining modal maxima. Direct 
superposition of the maximum modal responses was known to overestimate the 
maximum response, yet ignoring the participation of the higher modes was 
unconservative [20,22,34J. Various modal superposition methods were 
suggested, ranging from increasing the first mode response by a factor to 
account for higher mode effects [20J to computing a geometric mean of the 
modal maxima [34~. 
Elastic models of a wide variety of structural configurations and 
framing schemes were analyzed during the 1960's to determine which modal 
combination method was appropriate for typical buildings. As digital 
computers became readily available, the scope of analytical investigations 
was increases to study the influence of various parameters on the dynamic 
response of structures. 
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Merchant and Hudson used three-degree-of-freedom shear-beam models to 
investigate the contribution of higher modes to the base shear [44J. Three 
structural configurations, uniform, tapered, and stepped distributions of 
mass and stiffness (Fig. 2.3); three earthquake motions; three damping 
conditions; and five fundamental periods were considered. The participation 
of the higher modes to the base shear response appeared to be independent of 
the earthquake, structural configuration, and amount of damping. A trend of 
greater higher mode contribution with increasing period was observed. 
In another survey, Clough analyzed five structures, ranging in height 
from four to twenty stories, subjected to three ground motions [21J. The 
structures comprised moment resting frames with central concrete cores. 
Maximum displacement, shear, and moment values from the calculated response 
histories were compared with modal response spectral values. Displacement 
and moment distributions were found to be governed by the first mode, 
whereas the shear distribution displayed higher mode contr~butions. The 
contribution of higher modes was found to increase with an increase in the 
number of stories. 
The results of elastic response history analyses for various structures 
indicated that the participation of the higher modes was not negligible. In 
1967, SEAOC modified the triangular lateral force distribution, Eq. 2.6, to 
concentrate a portion of the base shear, not to exceed 15%, at the top of 
the structure [69J. The resulting shear envelope empirically included the 
effects of the higher modes. 
13 
2.2.2 Calculated Response of Irregular Structures 
Aside from the stepped structure in Merchant and Hudson's investigation 
[44J, the dynamic behavior of irregular structures received little attention 
until the mid-1960's. Two studies were reported in 1965 which investigated 
the dynamic characteristics of multistory build~ngs with small appendages 
[55,65J. A significant amplification of seismic forces acting on the 
appendage was observed when the frequency of the appendage was close to a 
natural frequency of the structure. The stUdies concluded that conventional 
response spectrum analysis procedures underestimated the magnitude of the 
appendage base shear for closely spaced frequencies [54,55,65J. This 
conclusion confirmed Martel, Housner, and Alford's belief that standard 
design procedures may not be appropriate for irregular structures comprising 
small towers on stiff bases [43J. 
However, the appendages in these studies were single-degree-of-freedom 
oscillators with a mass of one-thousandth to one-hundredth the mass of the 
entire structure. These structures are extreme examples of irregular 
st~uct~es, but the small appendage may be used to model penthouses, 
parapets, or mechanical equipment. The 1960 Chilean and 1964 Alaskan 
earthquakes demonstrated that total failure of such an appendage can occur 
in a structure which is only moderately damaged [63J. This concentration of 
forces in the appendage is not identified if the structure is modeled as a 
single oscillator for response spectrum analysis. A two-degree-of-freedom 
modal analysis procedure was reported which yielded approximately the same 
force amplification as the response history calculations [54,55J. 
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An extensive investigation of structural setbacks was conducted by 
Jhaveri in 1967 [37J. The dynamic behavior of buildings having' a single 
setback and rectangular cross-sections above and below the setback was 
investigated. Ideal, elastic shear-beam models of five, ten, fifteen, and 
twenty-story buildings were analyzed. 
The effect of a symmetrical setback on the dynamic characteristics of 
the structure were investigated using two parameters: (1) the level of 
setback, the ratio of the height of the base portion to the total height, 
and (2) the degree of setback, the ratio of the plan area of the tower 
portion to the plan area of the base portion (Fig. 2.4). The ground motion 
was applied along the longitudinal axis of the structure, the setback was 
symmetric about this axis. Translational and torsional vibrations were 
uncoupled in the symmetric structure. 
One particular structure, comprising square cross-sections, a degree of 
setback equal to 0.25, and a level of setback equal to 0.6, was selected to 
investigate translational-torsional coupling (Fig. 2.5). The setback was 
symmetric about the transverse axis of the structure. The eccentricity 
about the longitudinal axis and ratio of stiffness in the transverse 
direction to stiffness in the longitudinal direction were varied. 
The effects on the period, mode shape, and maximum response envelopes 
caused by the setbacks were investigated. Elastic response histories were 
calculated for two ground motions. Kinks in the fundamental mode shape and 
maximum displacement and shear distributions were observed. The influence 
of the higher modes was also evident in the maximum response distributions. 
The calculated shear distributions did not correspond well with the 
design distributions obtained by considering the tower and base portions as 
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separate structures, as specified in the governing building codes [68,79J, 
especially in the upper stories. Amplification of the base shear and tower 
base shear coefficients was observed for small towers with a degree of 
setback less than 0.25. The extent of this amplification was dependent on 
the nature of the ground motion. Elastic response history analyses, using 
at least two ground motions, were suggested during the design of unusual 
structures [18,37J. No recommendations were made regarding simplified 
design procedures that would, lead to appropriate treatment of irregular 
structures in future building codes. 
Korkut [40J examined the elastic behavior of two structures with 
irregular profiles (Fig. 2.6) and found large deviations, on the order of 
40-50%, between the computed shear distribution and the shear distribution 
derived from the triangular load distribution, Eq. 2.6. Large discrepancies 
were also observed between the computed shear distribution and shears 
distributed by the first mode. Korkut concluded that elastic dynamic 
computation procedures were indispensable for the design of irregular 
structures in seismic zones. 
Pekau and Green [52J investigated the inelastic, dyn,amic response of 
ten-story buildings with a single, symmetric setback (Fig. 2.7). Two 
parameters were used to describe the setback structure: (1) the level of 
setback, the ratio of the height of the base portion to the total height, 
and (2) the degree of setback, the ratio of tower story stiffness to the 
corresponding story stiffness in a uniform structure. Calculated inelastic 
response was compared with the elastic response of setback and uniform 
structures. The results indicated that large towers, degree of setback 
greater than 0.66, have little effect on the structural response; therefore, 
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elastic analysis of a uniform structure provides a good estimate of the 
behavior. Elastic analysis of setback structures underestimated the story 
drift and ductility factors in structures with small towers, degree of 
setback less than 0.66 and level of setback greater than 0.8. Excessive 
whipping of the tower due to story yielding was thought to lead to the 
discrepancy between elastic and inelastic response. 
The results of analytical investigations into the dynamic 
characteristics of irregular structures indicated that design procedures 
which are appropriate for regular structures may not identify force 
concentrations in irregular structures. The design shears corresponding to 
a triangular lateral-load distribution [68,78J, and design procedures for 
irregular structures [68,79J were found to be inadequate for the structures 
considered [18,37,40,52J. Accepted response spectrum analysis procedures 
[31 J were also identified as unconservative when vibrational frequencies 
were closely spaced [54,55,65J. Calculated responses which contained large 
stress concentrations and a significant participation of higher modes led to 
recommendations of dynamic analysis for the design of irregular structures. 
2.3 Current Building Codes 
The treatment of irregular structures in the current building code 
[70,80J, reflects the researchers' calls for more elaborate design 
procedures. Structures which have "highly irregular shapes, large 
differences in lateral resistance or stiffness between adjacent stories, or 
other unusual structural features" are classified as irregular [70J. The 
code requires that the distribution of lateral forces in irregular 
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structures be determined by considering the dynamic characteristics of the 
structure. 
Consistent with the original SEAOC recommendations [68J, irregular 
buildings may be considered as uniform structures if the plan dimensions of 
the tower are more than 75% of the corresponding plan dimensions of the 
base. The lateral force distribution formula, Eq. 2.6, was modified in 1967 
to concentrate a percentage of the total base shear at the top story. In 
the current code, the following equations apply: 
v 
Ft 
F. 
1 
where 
Ft + L F. (2.10) 1 
0.07 T V, but need not exceed 0.25V. (2.11) 
(V-F t ) w h x x (2.12) 
L w.h. 1 1 
Portion of V concentrated at the top of the structure in 
addition to F . 
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The-SEAOC Commentary explains that "sound engineering judgment" must be 
used for the design of irregular structures. Because the minimum 
requirements presented in the SEAOC recommendations were developed for 
uniform structures, application of these minimum standards to unusual 
structures may lead to an unconservative design [70J. The need to 
distribute seismic design forces in an irregular structure in accordance 
with the dynamic characteristics of the structure has been shown by 
analytical investigations and observation of earthquake damage [70J. 
In 1978, the Applied Technology Council published "Tentative Provisions 
for the Development of Seismic Regulations for Buildings" [8J. The 
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provisions were viewed as recommendations which should be considered for 
inclusion in future building codes. 
Although the determination and distribution of base shear differed from 
the SEAOC recommendations [70J, an equivalent lateral force procedure was 
also specified as the minimum design procedure for regular structures. 
A structure was considered irregular if it satisfied one of the following 
criteria: (1) the geometric configuration of the building is not symmetric 
about the vertical axes or the horizontal offsets have significant 
dimensions and (2) large variations in the mass-stiffness ratios exist 
between adjacent stories. Buildings classified as irregul~, "shall be 
analyzed with special consideration of the dynamic characteristics of the 
building" [8J. For structures with vertical irregularities, an elastic 
modal analysis procedure with one degree-of-freedom per floor was 
recommended as a minimum. Examples of vertical irregularities for frame 
structures, as defined in the ATC Commentary, are shown in Fig. 2.8. 
A simplified procedure was applicable for some symmetric, setback 
structures. If the base and tower portions of an irregular structure may be 
considered regul~ buildings when considered separately, and the stiffness 
of the top story of the base is at least five times the stiffness of the 
first story of the tower, the base and tower portions may be analyzed as 
separate regular structures. Vertical and lateral design forces at the base 
of the tower portion must be applied at the top of the base portion. 
The underlying conservatism toward irregular structures in the SEAOC 
and ATC documents is similar: because the infinite combinations of 
structural irregularities cannot be forseen in a building code, stricter 
design procedures are required to obtain a more accurate representation of 
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the forces induced during an earthquake. Dynamic analyses are required to 
identify and reinforce weak or vulnerable regions in an irregular structure. 
Neither document, however, quantifies the transition from regular to 
irregular structures. The latest revision of the SEAOC Recommended Lateral 
Force Requirements, which is scheduled to be released in 1985, addresses 
this issue [71J. Five types of vertical irregularities are defined and 
specific boundaries between regular and irregular structures are 
established. Definitions of irregularities, from the November 1984 draft of 
the document, are listed in Table 2.1. The poor performance of buildings 
with soft stories during recent earthquakes [4J is also addressed by 
establishing a minimum relative story strength: the strength of a "weak" 
story may not be less than 65% of the strength of the story above. Dynamic 
analysis is required for the design of structures which satisfy one or more 
of these characteristics. 
By quantifying boundaries between regular and irregular structures, the 
designer is aware of where a particular building lies within the realm of 
professional experience. "Rigorous" design procedures also serve as a 
warning that a structure may be beyond the limi ts of good practice. 
2.4 Concluding Remarks 
The dynamic characteristics of structures with single setbacks have 
been evaluated in a limited number of analytical studies [37,40,52,54,55, 
65J. Calculated elastic response was viewed as the "exact" behavior of the 
prototype setback structure in all, but one [52J, of these investigations. 
Differences between the calculated maximum shear distribution and the 
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appropriate design shear distribution were interpreted to demonstrate that 
equivalent lateral force procedures [68,79J, applied to the tower and base 
portions separately or to the entire structure, were not appropriate for 
setback structures. 
The requirement in current u.s. building codes [8,70,80J to incorporate 
the dynamic characteristics of an irregular structure into the design 
process indicates the acceptance of this approach within the structural 
engineering profession. The SEAOC Commentary [70, p. 33-CJ implies that 
irregular structures proportioned by equivalent lateral force procedures may 
suffer substantial damage during an earthquake. However, no reference is 
made to specific damage observations in setback structures. The blanket 
requirement of dynamic analysi s for irregular structures allows building 
codes to avoid defining simple design procedures for setback structures and 
the ranges in which these simple procedures may not be appropriate. 
According to design procedures recommended in current building codes 
[8,70,80J, an elastic modal analysis is appropriate for determining design 
loads in a setback structure. Dynamic analysis incorporates the influence 
of the higher modes for a linear model into the design, replacing the 
additional top story force, Ft , in the equivalent lateral force procedures, 
CEq. 2.10-2.12). One may infer that the participation of higher modes in 
setback structures is larger, or more important, than the higher-mode 
participation in regular structures. The results of Merchant and Hudson's 
investigation [44J contradict this assumption. The participation of higher 
modes did not seem to depend on the structural configuration but on the 
period of the structure. 
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Even if calculated response histories are assumed to be appropriate, 
the results of the parametric studies conducted by Jhaveri [37l and Pekau 
and Green [52J do not demonstrate that irregular structures proportioned by 
dynamic analysis procedures will behave better than structures proportioned 
by equivalent lateral force procedures. The structural configurations 
considered in these analytical investigations were selected arbitrarily. 
Story stiffnesses were not dependent on the level or degree of setback. If 
the structures had been proportioned by equivalent lateral force procedures, 
the story stiffness most likely would have been sufficient to resist the 
design lateral force within established story drift limits. 
Variations between calculated maximum shear distributions and design 
shear distributions have been .observed in structures with uniform profiles 
and mass distributions as well as setback structures [20,21 ,22,44,77J. 
Presumably because of sufficient experience with uniform structures, code 
writers have elected to recognize this discrepancy only for setback 
structures. If the reason for using dynamic analysis is the observed 
discrepancy of shear distributions calculated from dynamic analysis and 
design shear distributions, then dynamic analysis ought to have been 
required for most structures. If, however, the reason is the lack of 
experience with setback structures, it is better to state the reason 
explicitly so that designers are not led to believe that the linear, 
fixed-base, dynamic model will lead to exact results for any structure. 
From the viewpoint of design, the important issue is not the 
discrepancy of shear distributions, but the response of a setback structure 
proportioned by a simplified design force distribution. If a setback 
structure designed by a static distribution of lateral forces performs well 
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during the design earthquake, the apparent discrepancy between the design 
forces and those calculated for a linear model with a fixed base is of 
little or no consequence. 
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3. EXPERIMENTAL PROGRAM 
Two small-scale, reinforced-concrete model structures were constructed 
and tested during the experimental phase of this investigation. The test 
structures were representations of two-dimensional, fixed-base frames with 
irregular profiles. Dynamic and static tests were conducted. This chapter 
contains a general description fo the test structures and testing program. 
Additional details are presented in Appendix A. 
3.1 Test Structures 
Photographs of the two test structures are presented in Fig. 3.1. The 
overall configuration of the structures was the primary experimental 
parameter. Both structures comprised two identical, nine-story frames 
mounted in parallel on the earthquake simulator. The test structures were 
not models of prototype structures; however, dimensions of the test 
structures corresponded to approximately one-fifteenth scale. 
The Tower Structure comprised a seven-story tower and a two-story 
base. The Stepped Structure included a three-story tower, a three-story 
middle section, and a three-story base arranged asymmetrically with respect 
to the center of the base. 
The frames were constructed using small-aggregate concrete with steel 
wire used as reinforcement. Compressive strengths of the concrete ranged 
from 5500 to 6500 pSi. Longitudinal reinforcement in the columns was No. 13 
gage wire (0.09 in. diameter) and knurled No.7 gage wire (0.177 
in. diameter) was used in the beams. Mean yield strengths of the No. 13 and 
7 gage wires were 56.3 and 55.2 ksi respectively. All longitudinal 
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reinforcement was continuous through the jOints. Welding or splicing of 
longitudinal reinforcement was not required. Two-inch square base plates 
were welded to the bottom of the longitudinal reinforcement in the columns 
to serve as anchorage within the base girder. Transverse reinforcement was 
provided by rectangular spirals of No. 16 gage wire (0.06 in. diameter). 
The frames were cast horizontally .. A stiff base girder was cast 
monolithically with each frame. The frames were secured to the simulator 
platform with bolts post-tensioned through the base girders. 
The frames were coupled at each level by story weights which acted as 
rigid diaphragms. A weight of approximately 1100 lb was placed at the 
three-bay levels. Weights of approximately 360 and 720 I b were located at 
the one-bay and two-bay levels. A system of channels transferred the 
lateral (inertia) and vertical forces from the weights to the frame joints 
without eccentricity. 
3.2 Testing Procedure 
Each structure was subjected to a series of simulated versions of the 
north-south component of the 1940 EI Centro ground motion. The intensity of 
the ground motion was varied in successive runs. The design simulation for 
both structures corresponded to a peak ba~e acceleration of 0.4g. 
During each simulation, absolute accelerations and displacements 
relative to the base were recorded at each level of the north and south 
frames. Additional longitudinal accelerations were measured at the base of 
each frame. Vertical accelerations were recorded at the top-story of the 
south frame, and transverse accelerations were measur.ed at diagonal corners 
of the ninth-story. Instrument location and orientation is shown in 
25 
Fig. A.12. Electrical signals from the instruments were digitized at a rate 
of 200 points per second by a computer system at run time and stored on hard 
disk. 
The condition of a test specimen before an earthquake simulation was 
determined from two types of data. A free-vibration test was conducted to 
measure the natural frequencies of the structure during low-amplitude 
excitation. Locations of existing cracks were recorded. 
For the Tower Structure, the initial earthquake simulation corresponded 
to the design earthquake, with a peak base acceleration of approximately 
0.4 g. The intensity of subsequent simulations was magnified such that the 
peak base acceleration corresponded to approximately 1.5, 2, and 3 times 
that of the design simulation. 
A low-amplitude base acceleration motion was selected as the first 
simulation for the Stepped Structure. The desired peak base acceleration 
was approximately 0.25 times the design base acceleration. The second 
simulation was the design simulation. A malfunction of the ram led to 
Significant spikes in the base acceleration records of the first two 
simulations. The recorded peak base acceleration exceeded the desired 
peak acceleration by 300% in the initial run and 40D% in the following run. 
The acceleration spikes occurred over extremely small intervals. The 
corresponding energy input was low and did not damage the test structure. 
The third and fourth simulations corresponded to repetitions of the intended 
first and second simulations. Peak base accelerations recorded during the 
third and fourth simulations were consistent with the desired input. The 
fifth and sixth simulations corresponded to approximately 1.5 and 2 times 
the design base acceleration respectively. 
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To aid comparison of observed responses, the first simulation for the 
Tower Structure and the fourth simulation for the Stepped Structure are 
designated as Run 1 and correspond to the design simulation (Table 3.1). 
Simulations of higher intensity are designated Runs 2, 3, and 4. 
The first and second simulations for the Stepped Structure are labeled 
Runs A and B. The third simulation is designated Run C. 
Static tests were performed after the completion of the dynamic tests. 
The residual base shear capacity of both structures was measured, and the 
lateral strengths of the upper and middle portions of the Stepped Structure 
were determined. A 10-ton ram was mounted horizontally on the instrument 
column and a lateral load was applied to the centroid of the story weight 
positioned at the level of interest. Lateral load and displacement data 
were recorded during the static tests. 
Results from the dynamic tests are presented in Chapter 5. The static 
tests are described in Chapter 6. 
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4. DESIGN OF THE TEST STRUCTURES 
A summary of the conceptual design and proportioning of the test 
structures is presented in this chapter. Selection of frame geometries and 
base motions are discussed in Section 4.1. Analysis methods, design forces, 
and selection of reinforcement are described in Section 4.2. 
4.1 Conceptual Design 
Geometry and member proportions of the test structures were selected to 
investigate the dynamic behavior of frames with two characteristics: frames 
wi th set backs and frames wi th II strong" beams and "weak" col umns. D imensi ons 
of the test structures were deri ved from a similar investigation of frames 
with yielding columns conducted by Schultz [61J. 
4.1.1 Geometry of the Test Structures 
A two-dimensional model was selected to investigate the dynamic 
behavior of reinforced concrete frames with setbacks. The test structures 
comprised two planar, fixed-base frames mounted in parallel on the 
earthquake simulator (Fig. 4.1). Story weights served as rigid diaphragms 
which coupled the frames at each level and provided transverse stiffness. 
The structures were subjected to earthquake motion in the plane of the 
frames. 
A nine-story, three-bay frame, of approximately one-fifteenth scale, 
was built and tested by Schultz [61 J to investigate the dynamic behavior of 
frames wi th "strong" beams and "weak" col umns. The overall geometry of 
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these frames was adopted for the setback structures tested in this 
investigation. Profiles of the three types of frames are shown in Fig. 4.2 
and described below. 
Prof ile 
Uniform 
Tower 
Stepped 
Descr i ption 
Nine-story, three-bay frames. Two structures, 
designated SS1 and SS2 were tested by Schultz 
[61 J. 
Symmetrical arrangement of a seven-story tower 
and a two-story base. 
Asymmetrical arrangement of a three-story 
tower, a three-story middle section, and a 
three-story base. 
Uniform bay widths of 24 in. were selected. The first story height was 
12.375 in. which corresponded to approximately 1.4 times the height of the 
upper stories, 9 in. Square columns (1 .5x1.5 in.) and rectangular girders 
(1.5x2.25 in.) were used. 
4.1.2 Story Weights 
Story weights were selected for Test Structures SS1 and SS2 [61J such 
that the axial load in the first story columns corresponding to the dead 
load (570 psi) was approximately one-tenth the compressive capacity of the 
column cross-section. These weights, approximately 1100 lb each, were used 
in the three-bay sections of the setback structures. The ratio of story 
weight to plan area was maintained in the setback structures. Story weights 
of approximately 720 lb, and 370 lb were positioned at the two and one-bay 
levels, respectively. 
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The dead load at each level was distributed equally to the columns at 
that level. Axial loads in the columns corresponding to dead load 
conditions are presented in Table 4.1. 
4.1.3 Base Motions 
The simulated base acceleration record used for testing the setback 
structures was modelled after the N-S component of the 1940 EI Centro ground 
motion. The time scale of the record was compressed by a factor of 2.5 to 
obtain a realistic relationship between the initial frequency of the test 
structures and the frequ~ncy content of the ground motion. The motion 
corresponding to the design simulation was amplified to obtain a peak 
acceleration of 0.4 g. 
4.2 Design of Test Specimens 
Member design forces were determined by two methods: modal spectral 
analysis and an equivalent lateral force procedure based on a linear 
acceleration distribution over the height of the structure. The design base 
shear was established from modal spectral analysis with reduced member 
stiffnesses, as prescribed by the Substitute-Structure Method [64J. 
4.2.1 Analytical Method 
Test structures were modeled analytically as plane frames with story 
weights lumped at beam centerlines (Fig. 4.3). Equal lateral displacements 
were imposed for all joints at a level. The base was assumed to be fixed. 
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Flexural and shear deformations were considered for all members. Axial 
flexibility was considered in the columns only. Beam~column joint regions 
were assumed to be rigid. Modal spectral forces for the analytical model of 
the test structures were calculated using a linear, modal spectral analysis 
computer program. 
4.2.2 Design Assumptions 
The governing criteria in the design process was to limit interstory 
drift ratios to less than 1.5% and the overall drift ratio to less than 1% 
for the design earthquake. The Substitute Structure Method [64J was used to 
model the inelastic response of the structures. The nonlinear response of a 
member may be represented by a linear model with reduced stiffness 
(Fig. 4.4). The "damage ratio" reflects the softening of the yielded member 
relative to the stiffness corresponding to cracked sections. 
The ratio of moment of inertia corresponding to fully cracked sections 
to gross sections was assumed to be 1/3 and 1/2.5 for column and beam 
sections, respectively. Damage ratios of 3 in the columns and 1 in the 
beams were assumed. A damping factor of ten percent was assumed for all 
modes. 
The smoothed response spectrum used for design is shown in Fig. 4.5. 
The spectrum displayed the basic characteristics of the smoothed spectrum 
proposed for El Centro ground motion [64J, modified to reflect the 
compressed time scale and peak acceleration of 0.4 g. The upper limit of 
period for the constant acceleration region was increased to reflect the 
characteristics of the simulated motion observed during tests by 
Schultz [61 J. 
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4.2.3 Design Forces and Displacements 
Mode shapes and frequencies calculated for the substitute structure 
models of the structures are presented in Table 4.2. Displacements 
corresponding to the first three modes are shown in Fig. 4.6. 
Member design moments were based on the root sum square (RSS) of the 
first three modes. Design moments for columns and girders are shown in 
Fig. 4.7. Member forces were also calculated assuming a linear acceleration 
distribution over the height of the structure. The base shear for the 
linear acceleration distribution was set equal to the magnitude of the base 
shear calculated from RSS. Design forces calculated from the linear 
acceleration distribution exceeded the RSS forces for all members 
(Fig. 4.7). The average variation between the two sets of forces was 
approximately 10% for beam and column sections in both structures. 
4.2.4 Reinforcement Requirements 
Reinforcement in the beams and columns was selected to provide at least 
as much flexural capacity as required by the RSS design forces. Each beam 
section was proportioned to resist the flexural capacity of both columns 
framing into a joint without yielding to insure that yielding would occur in 
the columns. 
Number 7 gage wire was selected as the longitudinal reinforcement in 
the beams (0.177 in. diameter), and No. 13 gage was wire was used in the 
columns (0.090 in. diameter). Yield strengths of beam and column steel 
were 55.2 and 56.3 ksi, respectively. The design compressive strength of 
the concrete was assumed to be 5500 psi. 
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Variation of axial load was considered. Moment-axial load interaction 
diagrams for the four column sections used in the structures are shown in 
Fig. 4.8. Two axial load conditions are shown for each column. 
Selected amounts of reinforcement are listed in Table 4.3. The 
available lateral resistance of each story, based on the nominal yield 
capacity of the sections, is shown in Fig. 4.9. The selection of 
reinforcement in individual columns on the basis of maximum moment and 
minimum axial load led to lateral load capacities which exceeded the design 
shears in all stories. 
4.2.5 Reinforcement Details 
Longitudinal reinforcement was continuous through all joints. Bars 
were extended beyond exterior joints into stubs to provide anchorage. 
Reinforcement details are shown in Fig. 4.10. Bars were cut at two levels 
in both structures. Reinforcement cut offs were made at mid~height of the 
story. Reinforcing bars in the first story were welded to plates and 
anchored 6 in. within the base girder. 
Transverse reinforcement was provided by rectangular spirals 
(Fig. 4.10). The area of steel provided by the spirals provided a factor of 
safety of approximately four against failure in shear. Beam-column joint 
cores were reinforced with helical spirals to avoid failure of the joints. 
Steel tubing was placed at the center of all joints to allow connection of 
the story weights to the frames. 
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5. RESPONSE OF TEST STRUCTURES 
The observed dynamic response of the test structures in described in 
this section. Measured displacement and acceleration records are presented 
and related to the characteristics of the ground motion, frequency content 
of response, and response maxima. The experimental program is summarized in 
Chapter 3 and details are described in Appendix A. 
5.1 Presentation of Data 
The data presented in this chapter may be divided into four main 
topics: ground motion, measured structural response, interpretation of 
damage from observed crack patterns, and apparent natural frequencies of the 
structures. Information from each of the ten simulations is evaluated for 
each topic. 
Acceleration and displacement histories, response spectra, and Fourier 
amplitude spectra for the ground motion are presented in Section 5.2. 
Acceleration, displacement, and shear histories for each level of the 
structures are presented in Section 5.3. Displacement and shear 
distributions 'during cycles of maximum response, Fourier amplitude spectra 
of acceleration records, story hystereses, and transverse acceleration 
histories are also presented. 
Observed crack patterns and crack widths are reported in Section 5.4. 
The apparent natural frequencies of the test structures, obtained from 
free-vibration tests and earthquake simulations, are presented in Section 
5.5. 
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Table 5.1 contains an index of figure and table designations. Maximum 
response quantities are summarized in Table 5.2. 
5.1.1 Sign Convention 
The positive sense of displacements and in-plane accelerations was 
chosen to be toward the east. Using this convention, negative accelerations 
corresponded to positive displacements for harmonic motion. D'Alembert's 
principle was used to determine the positive sense of lateral inertial 
forces. 
Vertical accelerations were positive in an upward direction. 
Transverse accelerations were positive to the south for those measured on 
the south frame and positive to the north for those measured on the north 
frame. 
5.1.2 Terminology 
Various terms commonly used in classical structural dynamics do not 
apply to inelastic systems. A unique frequency or shape cannot be 
attributed to a mode during nonlinear response. If the term "mode" is used 
to represent the phase relationship of the responses at various levels, the 
following terms may be defined. 
The "first mode" represents the condition when the response of all 
levels is in the same direction. "Higher modes" refers to the condition of 
one or more changes in the direction of response over the height. "Node" 
refers to a height at which the direction of response, for a given mode, 
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changes. "Apparent frequency" refers to the observed frequency of a 
parti cuI ar mode. 
5.2 Base Motions 
Base accelerations were recorded at the top of the north and south base 
girders during all earthquake simulations. Because the motion was 
essentially the same at the two locations, all data presented represent the 
south base-acceleration records. 
5.2.1 Response Histories 
The test structures were subjected to a total of ten earthquake 
simulations, four for the Tower Structure and six for the Stepped 
Structure. Each simulation was a representation of the north-south 
component of the 1940 EI Centro ground motion. The peak base acceleration 
was varied in successive simulations. The base acceleration response 
~istories for the ten runs are shown in Fig. 5.1. Peak base accelerations 
are listed in Table 5.2. High frequency noise was bbserved during all 
simulations of for the Stepped Structure, particularly during Runs A and B. 
The design peak base acceleration for both structures was 0.4 g. Run 
corresponded to the design simulation for each test structure. Runs 2, 
3, and 4 correspond to peak base accelerations of approximately '.5, 2 and 
3 times the design value. A low-amplitude motion was selected for the first 
run of the Stepped Structure. Runs A and C correspond to an effective peak 
base acceleration of approximately one-quarter the peak design 
acceleration. Run B was designated to be a design simulation. A 
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malfunction of the ram led to acceleration spikes during Runs A and B of the 
Stepped Structure which exceeded the desired base acceleration by 300 and 
400%, respectively. The effect of the acceleration spikes on structural 
response will be discusses in the following sections. 
Base displacements were recorded by an LVDT attached to the ram. The 
base displacement records are shown in Fig. 5.2. The maximum displacement 
of the earthquake simulator is ± 2.0 in. Base displacements were within 
these limits for all simulations. The high frequency noise observed in the 
base acceleration records for the Stepped Structure was not apparent in the 
base displacement records. Base displacements for Runs A and B corresponded 
closely to Runs C and 1, respectively. 
5.2.2 Response Spectra 
Linear response spectra for the ten earthquake simulations are 
presented in Fig. 5.3. The calculation procedure was based on the solution 
of the differential equation governing the response of an elastic, SDOF 
oscillator, assuming a segmentally linear base excitation [49J. 
Relative displacement and absolute acceleration response spectra are 
plotted in Fig. 5.3 for damping ratios of 0.02, 0.05, 0.10, and 0.20. A 
period range of 0.02 to 1.0 sec. was considered. 
The 2% response spectra for all runs, normalized to a peak base 
acceleration of 1.0 g, are shown in Fig. 5.4. Effective peak accelerations 
of 0.12 and 0.37 g were assumed for Runs A and B. A general agreement of 
the shapes of the response spectrum for periods greater than 0.1 sec may be 
observed. The design spectrum appeared to be a reasonable approximation of 
the spectra for all simulations. The normalized spectra indicate that the 
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base acceleration spikes in Runs A and B for the Stepped Structure did not 
affect response for periods above 0.10 sec. 
The Spectrum Intensi ty, as defined by Housner [35J, may be used to 
compare the input energy of the various records. Making the appropriate 
shift for the time scale in the model environment, the Spectrum IntenSity is 
the area under the velocity spectrum between periods of 0.04 and 1.0 sec. 
Spectrum Intensities for various damping ratios are listed in Table 5.3. A 
nearly linear relationship between 10% spectrum Intensity and peak base 
acceleration (Fig. 5.5) indicated that amplification of the base motion did 
not affect the average velocity response in the period range of 0.04 to 1.0 
sec. 
Effective peak accelerations of 0.12 and 0.37 g for Runs A and B were 
obtained from a least squares fit of the 10% Spectrum IntenSity vs. base 
acceleration data for the other runs of the Stepped Structure. 
5.2.3 Fourier Amplitude Spectra 
Fourier amplitude spectra of the base acceleration records were 
obtained using a discrete Fast Fourier Transform. Peaks on the Fourier 
amplitude spectrum represent frequencies at which relatively large amounts 
of energy were put into the system. 
Fourier amplitude spectra for the ten earthquake simulations are shown 
in Fig. 5.6. The ordinates of the spectra were normalized with respect to 
the maximum value. An absence of frequencies above 20 hz may be observed in 
the Tower Structure base acceleration records. Frequencies above 20 hz had 
a significant contribution during all the simulations of the Stepped 
Structure, especially in Runs A, B, and C. However, the influence of the 
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high frequency component was negligible for the test structures which had 
initial fundamental frequencies below 10 hz. 
5.3 Response Histories 
In-plane acceleration and displacement response was measured at each. 
level of the test structures during the simulations. Details of the 
instrumentation and instrument locations are described in Appendix A. 
Because the response histories recorded on the north and south frames were 
consistent, the response histories recorded for only the south frame are 
presented. 
Shear histories were obtained by summing the product of measured 
acceleration and story mass over the height of the structure. Acceleration 
data from both the north and south frames were used in the shear 
calculations. 
Characteristics of the measured and calculated response histories are 
discussed in this section. Displacement and shear distributions over the 
height of the structure are presented during cycles of peak base shear and 
top-story displacement. Fourier amplitude spectra of the accelerations 
recorded at each level are also presented. 
A summary of observed response maxima is listed in Table 5.2. Maximum 
response quantities observed during each simulation are tabulated in Table 
5.4. Displacement and acceleration maxima presented in these tables are 
average values of the north and south frame responses. Interstory drift 
ratios listed in Table 5.4 were calculated by dividing the maximum relative 
displacement for the story by the story height, measured from beam 
center-lines. 
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5.3. 1 Displacements 
Two prominent features may be observed in the displacement response 
histories: (1) a smooth waveform and (2) a similarity among waveform shapes 
at different levels of the structure (Fig. 5.7(a) - 5.16(a)). These 
features indicate the predominance of the apparent fundamental mode. A 
slight influence of higher modes on the displacement response may be 
observed during regions of low-amplitude response and during the last 
simulation for each structure. 
Displacement distributions during cycles of peak top-story displacement 
and base shear (Fig. 5.7(d) - 5.16(d)), also indicate a predominance of 
the fundamental mode. The jagged appearance of the displacement 
distributions during Runs A and C of the Stepped Structure may be attributed 
to noise in the instrument signals. The magnitude of the electronic noise 
remained essentially constant during all simulations: noise was more 
noticeable during low-amplitude excitations. 
The overall appearance of the displacement distributions did not change 
significantly during the simulations. The structures appear to have behaved 
as single units: there was neither reason nor evidence to suggest that the 
setback portions were excited independently for either test structure. 
The maximum interstory drift occurred in the fifth story for the Tower 
Structure and in the first story for the Stepped Structure. Concentrations 
in displacement between levels with significant changes in stiffness were 
not observed. 
Because the displacement response was dominated by the first mode, the 
zero-crossing rate of the waveforms may be interpreted as a measure of the 
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fundamental period of the structure. A general trend of an increase in the 
fundamental period with successive simulations was observed. 
5.3.2 Accelerations 
In contrast with the displacement response histories, the acceleration 
waveforms displayed a rugged appearance (Fig. 5.7(b) - 5.16(b», indicating 
the participation of higher modes. The apparent fundamental period, 
obtained from the zero-crossing rate, of the acceleration waveform 
corresponded to the apparent fundamental period of the displacement 
response. 
Fourier amplitude spectra of the acceleration waveforms are presented 
in Fig. 5.7(e) - 5.16(e). The first-level acceleration spectra resembled 
the base motion spectra. A "filtering" of the ground motion may be seen by 
examining the spectra over the height of the structure. The general 
agreement in the dominant response frequencies among all levels indicated 
that each structure responded as a single unit. A decrease in the apparent 
natural frequencies was observed in successive tests. 
Apparent node pOints may be identified at the 'sixth-Ievel for the 
second mode and at levels three and seven for the third mode of the Tower 
Structure. For the Stepped Structure, apparent nodes may be identified 
between levels five and six for the second mode, and between levels three 
and four and at level seven for the third mode. The location of the node 
pOints corresponded with the node locations calculated from elastic, dynamic 
analysis. 
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5.3.3 Shears 
Higher mode participation could be identified in the shear waveforms 
(Fig. 5.7(c) - 5.16(c»; however, the contribution was less than in the 
acceleration waveforms. In general, the first mode governed the shear 
response. The contribution of the higher modes appeared to increase with 
the magnitude of the base acceleration and with the extent of damage in the 
test structures. Shear response histories for Runs A and C of the Stepped 
Structure were dominated by the first mode, while the influence of the 
higher modes was significant during Runs 3 and 4 of the Tower Structure. 
Shear distributions'over the height (Fig. 5.7(d) - 5.16(d» also 
indicate the influence of the higher modes. Base shear maxima were observed 
to occur d~ing times of first-mode domination and times of significant 
higher-mode contribution. Maximum shears in the upper and middle stories, 
however, generally occ~red during intervals in which the first mode 
dominated the shear response. Shear concentrations were not identified in 
stories with abrupt changes in stiffness. 
5.3.4 Meas~ed Force-Displacement Response 
Story shear - relative story displacement hysteresis curves were used 
to evaluate the inelastic behavior of the test structures. The relative 
displacement in a story was obtained by subtracting the displacement 
at the lower level from the displacement at the upper level. Story shear 
and relative displacement histories were filtered to remove frequency 
components above 25 hz. The response of the first three fundamental modes 
was not influenced by the filtering (Table 5.5). 
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The filtering process involved manipulation of the measured response 
history using the discrete Fast~Fourier Transform. Recorded response was 
converted from the time domain into the frequency domain. The filtered 
waveform was obtained by setting the amplitudes of the frequency components 
above the limiting frequency to zero and performing an inverse transform 
back into the time domain. A linear ramp between the full amplitude 
component of the upper frequency limit and zero amplitude at a frequency of 
1.11 times the upper limit was used to define the transition zone for the 
filter. 
Story hysteresis curves for the time interval between 1.0 and 4.0 sec 
are shown in Fig. 5.7(f) - 5.16(f). With the exception of some high 
frequency spikes during Run B of the Stepped Structure, the maximum response 
at every level during each simulation was observed during this time period. 
The story hystereses were characterized by a reduction in stiffness 
near the origin. This behavior may be attributed to slip of the reinforcing 
bars. 
The relative stiffnesses of the story hysteresis curves appeared to be 
vary with the number of columns and story height. The stiffnesses of 
stories with an equal number of columns were approximately equal. The first 
story stiffness was less than the second story stiffness because of the 
increased story height in the first story. 
(a) Tower Structure 
Cracking was observed in most stories of the Tower Structure during the 
second cycle of response in Run 1. The stiffness of the cracked structure 
corresponded to approximately 1/2 the stiffness of the uncracked structure 
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in each story. Yielding was not observed in any story during the design 
simul ati on. 
The general nature of the hysteresis curves was the same for all 
stories, indicating that the inelastic response was uniformly distributed 
over the height of the structure. 
A reduction in story stiffness to 1/2 - 1/3 the stiffness of the 
cracked structure was observed near the origin. The average slope of the 
story hysteresis curves was not affected by this softening. 
Yielding was observed in the first, fourth, fifth, and sixth stories 
during Run 2. Relative story displacements at yield in these stories were 
approximately 0.15 in., which corresponded to interstory drifts of more 
than 1.7% in the upper stories and 1.2% in the first story. 
The hysteretic behavior in the first story was Significantly different 
from the respons.e in the upper stories during Run 2. The width of the 
hysteresis curves indicated that energy dissipation associated with -
inelastic response was concentrated in the first story. The ductility 
demand in the first, fourth, fifth, and sixth stories was approximately 1.5. 
Response during Runs 3 and 4 was similar to the response observed 
during Run 2. Yielding was observed in the fourth, fifth, and sixth 
stories; however, the majority of the inelastic action occurred in the first 
story. A maximum ductility of 3.8 was observed in the first story during 
Run 4. 
(b) Stepped Structure 
A linear relationship between story shear and relative displacement was 
observed in all stories of the Stepped Structure during Runs A and C. 
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However, the average slope in each story during Run C was less than 1/2 the 
average slope during Run A. Response during Run A corresponded to the 
stiffness of the uncracked structure. The different nature of the 
displacement response during Runs A and C (Fig. 5.11 (a) and 5.13(a)) also 
indicated a significant change in the stiffness of the structure. 
Hysteretic response during Runs Band 1 was similar. The average 
slopes in each story were approximately equal during the two runs. Yielding 
was not observed in any story. Hysteresis curves during Run B exhibited 
stiffnesses of the uncracked and cracked structure. The stiffnesses after 
cracking corresponded to approximately 2/3 the initial stiffnesses. The 
story stiffnesses were fUrther reduced to approximately 1/2 the stiffness of 
the cracked structure near the origin. The average slopes observed during 
Run C were closer to the low-amplitude stiffnesses than to the average 
stiffnesses after cracking. 
Thin hysteresis curves during Runs Band 1 indicated that inelastic 
response was evenly distributed over the height of the structure. The onset 
of yielding was observed in the first story during both runs. Ductility 
demands in the first story during the design simulations were less than 1.1. 
Significant yielding of the first story was observed during Runs 2 and 
3 at a displacement of approximately 0.2 in. A ductility of 2.9 was 
observed in the first story during Run 3. Yielding was not observed in any 
of the upper stories. A stiffness reduction near the origin was observed in 
all stories. 
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5.3.5 Vertical and Transverse Accelerations 
Vertical accelerations were recorded at the ninth level of the south 
frame and transverse accelerations were recorded at the southwest and 
northeast corners of the ninth level during all simulations (Fig. A.12). 
Measured response histories from these instruments are presented in Fig. 
5.7(f) - 5.16(f). 
The response histories were characterized by high frequency response. 
Acceleration spikes in the transverse direction were on the order of the 
peak base acceleration and acceleration spikes in the vertical direction 
were on the order of one-half the peak base acceleration. In general, the 
magnitudes of the acceleration spikes were twice the magnitudes of the 
low-frequency response. 
Floor response spectra were calculated at the ninth level for the 
in-plane and transverse acceleration records to estimate the influence of 
the transverse accelerations. Acceleration and displacement response 
spectra for 2% damping are shown in Fig. 5.17 for the ten simulations. The 
magnitudes of the acceleration response spectra in the transverse directIon 
were less than 10% of the in-plane response spectra" accelerations for 
frequencies less than 20 hz, and the displacement response spectra in the 
transverse direction were of trivial magnitude compared with the in-plane 
response spectra. Spectrum Intensity values in the transverse direction 
averages 6% of the in-plane Spectrum Intensity values. 
Comparison of the floor response spectra in the transverse and 
longitudinal directions indicated that the out-of-plane response of the test 
structures was not significant. The energy associated with the transverse 
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response, as indicated by the Spectrum Intensity, was small compared with 
the in-plane response. 
5.4 Crack Patterns 
Crack patterns were recorded immediately before testing and following 
each earthquake simulation of increased intensity. Crack patterns were 
obtained for all column and joint regions. The majority of the girders were 
covered by the harness system which linked the story weights to the frames, 
and were not visible. Exposed concrete surfaces were sprayed with a 
fluorescent fluid that collected in the cracks and reflected black light. 
Cracking and spalling patterns are presented in Fig. 5.18. Crack 
widths larger than 0.004 in. are identified. Although crack widths cannot 
be scaled directly out of the model environment, they serve as indicators of 
the type and extent of damage in the structure. 
Both structures exhibited minor cracking in the joint regions before 
the initial simulation. Shrinkage strains and stresses applied during 
construction are believed to be the cause of these cracks. 
The crack patterns in the Stepped Structure did not change 
significantly following the initial, low amplitude simulation. 
of the columns was observed following the design simulations of 
structures. 
Cracking 
J.--rd-h 
UVVJ.J. 
Crack widths observed after each test did not exceed 0.004 in. in 
either structure until after Run 3. Significant cracks developed in the 
stories of the Tower Structure which had achieved more than 2% interstory 
drift. The combination of light reinforcement and low axial load may have 
lead to the cracking of the exterior columns in the second story. Damage, 
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as indicated by the crack widths, was concentrated in the first story of the 
Stepped Structure. The largest cracks were observed in the columns with the 
lowest axial load. Spalling of concrete was observed in the first-story 
columns at the face of the base girder. 
The extent of significant cracking in the Tower Structure increased 
following Run 4. The largest crack widths were observed in the fir'st, fifth 
and Sixth-stories, which corresponded to the locations of maximum 
interstory drift. Spalling was not observed. 
In both test structures, crack trajectories and widths outside joint 
regions indicated that flexural effects dominated. Average shear stresses 
of 3.3 Ifb and 4.5 Ifb were calculated in the first story columns of the 
Tower and Stepped Structures respectively. Shear was well controlled by the 
transverse reinforcement. 
5.5 Measured Frequency of Test Structures 
Data from two sources were used to determine the natural frequencies of 
the test structures. Free-vibration tests were conducted before each 
earthquake simulation to determine the response to low-amplitude 
excitation. A measure of the effective fundamental frequency was also 
obtained from the ninth-story displacement records. The time interval 
between relative maxima was evaluated throughout the simulations and 
converted into apparent frequency data. The natural frequencies calculated 
by these two methods are discussed in this section. 
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5.5.1 Free-Vibration Tests 
A lateral displacement was imposed at the ninth level of the test 
structures by hanging a 100-lb weight from a pulley system (Section A.2.2). 
The weight was released suddenly, and the ensuing free-vibration response 
was recorded. 
Acceleration and displacement records were obtained at the ninth level 
and the upper level of the base section to determine if the sections of the 
structure were vibrating at the same frequency. A close correspondence 
between the response at levels with different stiffnesses would indicate 
that the structure behaved as a single unit. A large variation in response 
would indicate that the tower portion of the structure responded 
independently of the base portion. 
Consistent with the results from the earthquake simulation tests, both 
structures behaved as single units during the free-vibration tests .. The 
recorded ninth-level acceleration response, a Fourier amplitude spectrum of 
the response, and a filtered response history for each free-vibration test 
are shown in Fig. 5.19. The natural frequencies of the first three modes, 
obtained from the Fourier amplitude spectra, and an estimate of viscous 
damping calculated from the filtered response with a logarithmic decrement 
procedure, are presented in Table 5.5. 
A general decrease in the natural frequency and increase in damping may 
be observed in successive tests. A broadening of the peaks in the Fourier 
amplitude spectra of successive tests may also be observed. 
The relative participation of the modes was not constant through all 
runs. With the exception of the free-vibration test before Run A of the 
Stepped Structure, the first mode was the primary component of the 
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acceleration response. The participation if modes two and three varied 
during the Tower Structure tests. The change in modal participation may be 
attributed to the manner of application of the lateral load, and was not 
necessarily a reflection of changes in the dynamic characteristics of the 
test structures. 
5.5.2 Effective Frequency 
Because the displacement response of the structures was governed by the 
first mode, the displacement response histories may serve as an indication 
of the fundamental frequency. The time interval between relative maxima in 
the top~level displacement records was calculated and assumed as a measure 
of the effective period or stiffness of the structure at that time. 
Response cycles which contained higher mode effects or were governed by the 
ground motion were not considered. The variation of apparent frequency with 
number of cycles is shown in Fig. 5.20. Fundame~tal frequencies obtained 
from the free-vibration tests are also plotted. 
A general decrease in apparent frequency with time may be observed. 
Because the magnitude of the ground motion was amplified in successive 
tests, an increase along the time axis may also represent an increase in 
the extent of damage in the structures. The apparent frequency remained 
essentially constant during Run C of the Stepped Structure which did not 
induce additional damage in the structure. The sharp increase in the 
apparent frequency at the beginning of most runs may be attributed to the 
influence of the ground motion. 
The apparent frequency may also be Dompared with the magnitude of the 
displacement response during the cycle considered. The trend of decreasing 
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frequency with increasing damage, or increasing displacement, may be 
observed (Fig. 5.21). A decrease in apparent frequency in cycles after the 
cycle of maximum displacement was also observed. The structures appeared to 
soften without an increase in displacement. The apparent frequency 
increased slightly when the structures were excited to higher displacement 
levels. This softening-stiffening behavior was also observed in the story 
hysteresis curves (Fig. 5.7(f) - 5.16(f)). 
5.6 Summary of Response 
Two test structures with irregular profiles were subjected to a series 
of earthquake simulations. Structural performance during the design 
simulations was satisfactory. Displacement and shear response was governed 
by the first mode. The overall drift ratio was 1.0% in both structures. No 
evidence of concentrations of shears or displacements in stories with 
significant changes in stiffness was observed. 
Inelastic response appeared to be uniformly distributed over the height 
of the structures during the design simulations. The first story of the 
Stepped Structure was the only story to exhibit yielding; however, the 
ductility demand was less than 1.1. 
The story shear-relative displacement hysteresis curves were 
characterized by a reduction of stiffness near the origin. The average 
stiffness during high-amplitude response was not affected by the r.educed 
stiffness. During low-amplitude excitation the structural response was 
governed by the reduced stiffness. 
System yielding was achieved in subsequent simulations. A first-story 
yield mechanism governed in both structures. A maximum first-story drift of 
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4.6%, ductility of 3.8, was observed in the Tower structure during the 
Run 4. The first story of the Stepped Structure experienced a maximum drift 
of 4.7% and ductility demand of 2.9 during Run 3. The overall drift ratios 
during the final simulations were 2.6 and 1.7% for the Tower and Stepped 
Structures respecti vely. 
Yielding was observed in the middle three stories of the Tower 
Structure. Maximum ductility demands were less than 3 in the upper 
stories. Yielding was not observed in the upper stories of the Stepped 
Structure. 
The dynamic behavior of the test structures with irregular profiles did 
not differ from the expected behavior of frames wi th regular profiles. 
Participation of higher modes did not significantly influence the response. 
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6. LATERAL STRENGTH OF TEST STRUCTURES 
After completion of dynamic testing, the two structures were subjected 
to a series of static lateral load tests. The tests were identified 
numerically in the sequence that they were conducted: 
Test S1 - Loading at level 1 of the Tower Structure to determine the 
residual base shear strength (Fig. 6.1 (a)). 
Test S2 - Loading at level 1 of the Stepped Structure to determine the 
residual base shear strength (Fig. 6.1 (b)). 
Test S3 - Loading at level 9 of the Stepped Structure to determine the 
strength corresponding to a yield mechanism involving the top 
three stories (Fig. 6.1 (c)). 
Test S4 - Loading at level 6 of the Stepped Structure to determine the 
strength corresponding to a yield mechanism involving the 
middle three stories (Fig. 6.1 (d)). 
Because the drift ratio for the first story exceeded 4% during the 
dynamic tests of both structures,' the strength measured in Tests S1 and S2 
was expected to be lower than the inherent strength of the structure. 
Story yielding was not observed above the first level of the Stepped 
Structure during the dynamic tests. Therefore, the limiting loads observed 
during Static Tests S3 and S4 were expected to represent the "undisturbed" 
strength of the structure. 
The results of the static tests served as the basis for calculating 
the lateral strength and stiffness of each story. Calculated story 
force-displacement response is compared with the observed behavior during 
the dynamic tests. 
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6.1 Description of Static Tests 
During the static tests, load was applied to the structures by a 10-ton 
hydraulic ram mounted horizontally on the instrument column (Fig. A.11). 
The magni tude of the applied force was measured wi th a dynamometer 
positioned between the ram and the structure. Load was applied 
incrementally during each test which lasted approximately one hour. 
Dial gages were used to record the lateral movement of the lower 
levels. A transit was used to monitor the displacements of the upper 
levels. The IO,cations of instruments are shown in Fig. A.1 5 and A. 1 6. 
Details of the testing procedure are described in Appendix A. 
6.2 Significance of Static Tests 
Differences between the measured dynamic base shears by test structures 
and the calculated capacity have been observed by previous researchers 
[3,28,41,45,46,61,84J. In those tests, the measured base shears exceeded 
the calculated capacity by 10 to 20 percent. The increase in structural 
strength was attributed to the influence of high loading rates on material 
strengths. The lateral load tests were designed to measure the inherent 
static strength of the structures and determine the increase in capacity 
attributable to dynamic loading conditions. 
Results of the static tests were used as a benchmark for evaluating 
member capacities and the limit-analysis procedure used to determine the 
lateral strength of the structures. 
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6.3 Strength of Upper Stories 
Static lateral load tests were conducted at the ninth and sixth levels 
of the Stepped Structure (Fig. 6.1). Yielding of the upper stories was not 
observed during the dynamic testing. However, significant reductions in 
stiffness were observed in the hysteretic response of the stories during 
low-amplitude cycling (Fig. 5.11(f) - 5.16(f)). Limiting loads from the 
static tests were expected to provide a good measure of the inherent lateral 
strength of the upper stories, but not of the lateral stiffness. 
6.3.1 Observed Behavior 
Raw load-displacement data from Tests S3 and S4 are presented in 
Fig. 6.2 and 6.3, respectively. Displacements were reported from the 
position of the structure at the beginning of the static test. 
Discontinuities in the plotted data may be attributed to errors in recording 
displacement data and establishing the initial positions. No attempt was 
made to correct the data because relatively small errors in displacement 
readings did not influence the determination of the strength of the 
structure. 
General yielding of the one-bay portion of the structure (top three 
stories) occurred during Test S3 (Fig. 6.2). Residual crack widths 
(Fig. 6.4) also indicated yielding throughout this portion of the 
structure. The locations and sizes of cracks were similar for the two 
frames. 
The structure resisted a maximum load of 2.25 kips applied at level 9 
during Test S3. Large cracks developed at the top and bottom of each column 
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in the west column line, while cracking was limited to the top of the eighth 
and ninth-story columns and the bottom of the seventh-story columns in the 
east column line. Significant cracks also formed at the east end of the 
seventh and eighth-level beams. 
General yielding in stories four through six was observed during 
Test S4, while stories one through three were observed to remain linear 
(Fig. 6.3). Upon unloading, permanent displacements on the order of 1/4 
in. were observed in stories four and five while the sixth story had more 
than an inch residual displacement. The maximum lateral load during Test S4 
was 3.61 kips applied at the level 6. 
Residual crack widths in the middle three stories indicated that 
considerably more damage occurred in the sixth-story columns than in the 
fourth or fifth (Fig. 6.4). Reinforcing bars were visible and spalling of 
concrete was observed at the top and bottom of each of the sixth-story 
columns. The fourth and fifth-story columns and the east end of the fourth 
and fifth-level beams also had relatively large crack widths, but measured 
widths of the cracks were less than 1/5 the crack widths observed in 
the sixth-story columns. 
6.3.2 Limit Analysis 
Ten possiqle failure mechanisms were considered for the top and middle 
sections of the Stepped Structure. Mechanisms that violated joint. 
equilibrium conditions were not evaluated. Single, two, and three-story 
failure mechanisms were analyzed. Mechanisms corresponding to Test S3 are 
shown in Fig. 6.5, and mechanisms considered for Test S4 are shown in 
Fig. 6.6. 
56 
The lateral load capacity of the mechanisms was calculated using 
limit analysis and assuming rigid-plastic response. Plastic hinges were 
assumed to form at the beam-column faces. 
In order to establish an upper bound of the flexural strength of the 
members, the ultimate moment was used during the limit-analysis 
calculations. Ultimate moments for members were calculated based on the 
following conventional assumptions: 
(1) Linear strain distribution over the depth of the section, 
(2) Concrete stress-strain relationship shown in Fig. 6.7(a), 
(3) Steel stress-strain relationship shown in Fig. 6.7(b), and 
(4) No tensile strength of concrete. 
Member properties and calculated moment capacities for the condition of zero 
axial load are listed in Table 6.1. The dead load carried by each column is 
presented in Table 4.1. 
The variation of axial load in the columns due to the applied lateral 
force was included in the analysis. The change in axial load was determined 
by considering moment equilibrium for the free-body diagrams shown in 
Fig. 6.8 for Test S3 and in Fig. 6.10 for Test S4. The change in axial 
load was assumed to be distributed equally to the exterior columns for the 
middle three stories. Moment-axial load interaction diagrams for the 
columns (Fig. 4.8) indicate a linear relationship between moment and axial 
load within the region of interest, -1.0 to 2.5 kips. 
The calculated failure loads for the mechanisms considered are shown in 
Fig. 6.5 and 6.6. A minimum lateral load capacity of 2.04 kips was 
calculated for the top three stories to form Mechanism 9. Yield loads for 
Mechanisms 1, 5, 7, and 10 were within two percent of this minimum value. 
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The capacity of the middle three stories was calculated to be 3.31 kips 
corresponding to Mechanism 1. Failure loads for Mechanisms 5, 7, 9, and 10 
were within two percent of the minimum load calculated for Mechanism 1. 
Distributions of joints with large residual cracks, indicating 
locations of concentrated inelastic deformations, were similar to the 
assumed plastic-hinge distributions associated with Mechanism 9 for the top 
three stories and Mechanism 1 for the middle stories. Governing mechanisms 
were successfully identified by limit-analysis procedures for these two 
cases. However, the maximum loads resisted by the structure (2.25 kips for 
Test S3 and 3.61 kips for Test S4) exceeded the calculated capacities by 
approximately ten percent. 
6.3.3 Calibration of the Limit-Analysis Procedure 
As indicated in the preceding section, conventional limit-analysis 
procedures based on the flexural capacity of the members underestimated the 
static strength of the test structures. The cause of this discrepancy may 
be attri buted to errors in: (1) the limi t-analysis procedure, (2) dimen-
sions of the test structure, (3) measurement of forces, and (4) determin-
ation of section flexural strengths. 
Yield mechanisms were identified correctly by the limi t-analysis 
procedure. For a given mechanism with given section resistances, the 
calculation of the lateral-force resistance by limit analysis involves only 
the principles of equilibrium. No error is expected to be introduced by 
this source. 
Geometrical differences between the overall dimensions of the frames or 
member dimensions and the nominal values used in the- analytical model were 
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not considered to introduce significant errors. Distances measured from 
member centerlines were within 0.02 in. of the design dimensions. The 
standard deviation of measured cross-sectional dimensions in the Stepped 
Structure did not exceed 0.02 in. The coefficient of variation for the 
effective depth of the beams and columns was approximately 3%. 
Error associated with load measurement was also considered to be very 
small. The d'ynamometer displayed a linear relationship between strain and 
load, with variations of less than 1% throughout the range of 0 to 5 kips. 
The least-count reading on the strain indicator corresponded to 2 lb 
increment of load in the dynamometer. A 5-in. error in positioning the ram 
was required to introduce a 10% difference between the magnitude of the 
applied load and the horizontal component. Misalignments not exceeding 
114 in. were credible for the testing apparatus. 
The primary source of error in calculating the lateral strength of the 
test structures was considered to be in the determination of member 
capacities on the basis of standard flexural theory [19,38J. The procedure 
for calculating flexural strength was reassessed to reconcile the observed 
lateral strength with the measured cross-sectional dimensions and 'material 
properties. Neutral-axis depths at the jOint faces, inferred from crack 
widths, were also used to check the plausibility of the assumptions made to 
reconcile the measurements with calculations. 
Assumed strain and force distributions corresponding to the flexural 
capacity of a doubly reinforced section are shown in Fig. 6.10. Four forces 
determine the flexural capacity: (1) the dead load, P; (2) the tensile 
force in reinforcement layer 2, A f ; (3) the compressive force in the 
s su 
concrete, bf k d; and (4) the compressive force in reinforcement layer 1, 
cu u 
A'f' . 
s su 
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The dead load of the frames and story masses were measured reliably to 
within 1%. Variation in axial load due to lateral load was defined by 
statics, and was not considered to be a source of appreciable error. 
The assumption of a linear strain distribution over the depth of the 
section and equilibrium were used to determine the tensile force in 
reinforcement layer 2. Nonlinear strain distributions have been observed at 
beam-column connections [24,74J, leading to steel strains considerably 
higher than the value indicated by a linear strain distribution. Therefore, 
the steel stress at failure in reinforcement layer 2 was assumed to be equal 
to the strength of the reinforcement in tension. 
The average stress in the compressed concrete was assumed to be 
0.B5f'. Because the 4xB-in. cylinder strength may not represent the 
c 
compressive strength of concrete in the specimen (cast with columns 
horizontal) and because of confinement in the beam-column joint, the average 
attainable concrete stress may be higher than that assumed. However, the 
flexural strength of the members was not sensitive to an increase in the 
concrete compressive strength (flexural capacity increased approximately 1% 
for a 15% increase in the concrete compressive strength). 
Flexural theory [19,3BJ defines the strain in reinforcement layer 1 to 
be the same as that in the surrounding concrete, typically leading to 
compressive stresses in the reinforcement. This assumption may be incorrect 
for a section at the face of a joint in a frame subjected to lateral 
loading. 
A frame joint is shown in Fig. 6.11. The stress in the tensile 
reinforcement at location A is likely to exceed the yield stress at the 
maximum moment [24J. The stress in the same bar at location B may range 
from compression to tension depending upon the bond strength, the distance 
60 
between A and B, and the strain in the concrete. The stress in the 
compression steel was found to equal the strength of the bar in tension, f' 
s' 
in similar small-scale frame joints [2J. 
The flexural capaci ties of frame-member secti'ons were calculated wi th 
the following modifications to standard theory: 
Option 
Option 2 
f 
su 
f 
su 
f' su 
f' su 
0, 
f cu 
0.85f~ 
O. 85f ~ 
Flexural capacities associated with Option were approximately 6% larger 
than capacities based on standard theory. The location of the neutral axis 
agreed well with the observed crack lengths. 
The capacity of frame-member section corresponding to Option 2 
increased 8% above those calculated by standard theory. However, the depth 
to the neutral axis was approximately twice the observed depth. Although 
this discrepancy could be compensated by assuming the effective strength 
of the concrete to be twice the assumed value of 0.85f', this alternative 
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was dismissed because such an increase in compressive strength was not 
defensible. Furthermore, the calculated strength of the sections was 
insensitive to changes in the concrete compressive strength. 
The lateral strength of the test structures was calculated with the 
assumption corresponding to Option 1. The stress in the tensile 
reinforcement was assumed to be the limiting tensile strength and the stress 
in the compressive reinforcement was set to zero. 
Governing yield mechanisms, Mechanism 9 for Test 83 and Mechanism 1 
for Test 84, were reevaluated using the increased member capacities. The 
limiting load for the Test 83 was calculated to be 2.16 kips, which was four 
percent less than the observed maximum load of 2.25 kips. The limiting load 
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for the Test S4 was calculated to be 3.52 kips, which was within three 
percent of the observed load of 3.61 kips. 
The calculated capacities of the upper stories were slightly less. than 
the observed strength. However, the calculated loads agreed well with the 
loads at which the stiffness of the structure decreased considerably 
(Fig. 6.2 and 6.3). The calculated capacity of the structures corresponded 
to the observed yield load. 
6.4 Base-Shear Strength 
The first stories of both test structures were severely damaged during 
the dynamic tests. First-story columns experienced drift ratios of more 
than 4.5% and permanent offsets of 0.051 in. and 0.17 in. at the first level 
were observed in the Tower and Stepped Structures, respectively. 
Damage in the first-story columns was sufficient to cause loss of 
flexural strength during the dynamic tests. Magnitudes of maximum base 
shear decreased after Run 3 for the Tower Structure and after Run 2 for the 
Stepped Structure although the intensity of the earthquake motion increased 
in subsequent tests. The first-level lateral load tests were designed to 
determine the residual strength of the first-story columns. Displacements 
were imposed during the static tests which exceeded the maximum drift ratios 
observed in the first stories during the earthquake simulation tests. 
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6.4.1 Observed Behavior 
Load-deformation data for Tests S1 and S2 are shown in Fig. 6.12 and 
6.13. Data collected from the four dial gages located at the east and west 
ends of the first-story beams in both the north and south frames (Fig. A.15) 
are presented. Residual displacements from the dynamic tests were included 
in the first-story displacement data. 
The maximum displacement in the first story of the Tower Structure was 
0.65 in. during Test S1 (a drift ratio of approximately 5.5%). A maximum 
lateral load of 3.19 kips was reached during Test S1 which corresponded to 
85% of the maximum base shear of 3.75 kips observed during the dynamic 
tes ts. 
During Test 2, the maximum displacement in the first story of the 
Stepped Structure was 0.6 in., corresponding to a drift ratio of 5%. The 
maximum lateral load under static conditions, 4.1 kips, was approximately 
85% of the maximum base shear of 4.95 kips observed during the dynamic 
tests. 
6.4.2 Limit Analysis 
The base shear capacity of the two test structures was calculated using 
the method calibrated as discussed in Section 6.3.3. The base shear 
strength was governed by the first-story mechanisms shown in Fig. 6.14. 
The base-shear capacity of the Tower Structure was calculated to be 
3.55 kips, which was within six percent of the maximum base shear observed 
during the dynamic tests. The base-shear capacity of the Stepped Structure 
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was calculated to be 4.57 kips, which was eight percent lower than the 
maximum observed during the earthquake simulations. 
6.5 Story Force-Displacement Relationships 
Force-displacement relationships for reinforced concrete elements or 
element assemblies subjected to lateral loading are typically identified by 
two break points, one corresponding to cracking of the concrete and the 
other to yielding of the tensile reinforcement [72,73J. In this section, 
measured story force-displacement relationships for the two test structures 
are compared with calculated values. The yield shear is calculated as 
described in Section 6.3.3. 
6.5.1 Measured Response 
Measured story shear and relative displacement histories were used to 
construct force-displacement curves for each story. The force-displacement 
curves were considered to be an upper bound of the story hysteretic response 
(Fig. 5.7(f) - 5.16(f» and were used to identify changes in story 
stiffness. 
The story curves are presented in Fig. 6.15 as a collection of data 
pOints. Each point represents the measured relative displacement and story 
shear coordinates at the time that the magnitude of the relative 
displacement exceeded the previous maximum displacement. Selection of data 
points for the story force-displacement curve of positive displacement is 
illustrated in Fig. 6.16. Circles identify the relative displacement and 
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corresponding story shear coordinates that were used to form the story 
curve. 
Data from all earthquake simulations is included in the story 
force-displacement curves shown in Fig. 6.15. Separate curves are shown for 
positive (eastward) and negative (westward) displacements. Variations in 
response between the two loading directions were small for story shears 
below the yield capacity. 
6.5.2 Analytical Model 
Story force-displacement relationships are typically represented by 
three linear segments. The first segment represents the response of the 
uncracked section. The second segment represents the response in the 
transition after cracking and before yielding. The third represents 
response after yielding. 
(a) Moment-Rotation Relationship 
Moments and rotations corresponding to the initiation of cracking and 
yielding in the individual beam and column members were evaluated. The 
axial load in the columns was assumed to be the dead load (Table 4.1). 
The moment and curvature at the initiation of cracking were calculated 
by elastic beam theory. The modulus of rupture of the concrete was assumed 
to be 500 psi and Young's modulus was assumed to be 4.0x106 psi. 
The yi el d moment was calculated wi th the assumptions descri bed in 
Section 6.3.3: 
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1. Stress in tensile reinforcement equal to strength of the steel. 
2. Stress in compressive reinforcement equal to zero. 
3. Average stress in the concrete equal to O.85*fc. 
4. Tensile strength of concrete equal to zero. 
The yield curvature was calculated from an assumed strain in the steel equal 
to fsu/E s • The idealized moment-curvature relationship is shown in 
Fig. 6.17. 
The moment~rotation relationship was calculated from the idealized 
moment-curvature relationship (Fig. 6.17). The joint regions were assumed 
to be rigid and the point of contraflexure was located at the middle of the 
flexible portion of the member (Fig. 6.18). Because the variation of moment 
along the member is linear, the member end rotations may be calculated as 
the first moment of the area under the curvature diagram from the member end 
to the point of contraflexure. 
Based on these assumptions, the end rotations corresponding to cracking 
and yielding were calculated as: 
Cracking: 
Sc 
~ 1>c 
-6- ( 6. 1 ) 
Yielding: 
S ~ [ ( 1 - ).3)1> + ).21>c J y -6- y (6.2) 
where 
1>c Cracking curvature. 
1>y Yiel d curvature. 
M Cracking moment. 
c 
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M Yield moment. y 
M / M 
c Y 
~ Length of flexible portion of a member. 
Moment~rotation relations were used to develop force~displacement 
curves for the columns. The lateral force, F, was calculated from 
equilibriu~. Lateral displacements were calculated assuming the column ends 
to move laterally but not rotate. 
Cracking: 
9. 2 q, 
/).C 
c (6.3) 6 
Yielding: 
/). 
~2 [ ( 1 A3 )q, + A2q, ] (6.4) 6"" ~ y y c 
where 
/).C Displacement at cracking. 
b. Displacement at yi el d. 
Y 
(b) Rotation Caused by Slip of Reinforcement 
Rotation caused by relative movement between the concrete and tensile 
steel at the face of the joint caused an increase in the member flexibility 
above that obtained by integrating the moment,rotation relationship along 
the length of the member. A procedure similar to the one used by Takeda 
[72J was used to calculate the increase in flexural deformation caused by 
sl ip. 
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The joint region was assumed to be rigid. Stress in the tensile 
reinforcement was transferred to the nondeforming joint over the development 
length by bond between the concrete and steel. The total elongation, or 
slip, of the steel was calculated by integrating the steel strains over the 
development length: 
where 
e y 2 
f 
su 
E 
s 
(6.5) 
e Elongation of the tensile reinforcement at yield. y 
f Tensile strength of reinforcement. 
su 
Db Diameter of tensile reinforcement. 
u Bond stress. 
E Modulus of elasticity of steel. 
s 
The increase in member rotation at each end was assumed to be closely 
approximated by the ratio of the slip to the effective depth: 
e ' y 
1 
2 
f 
su 
E 
s 
f D 
su b 1 
4 u d (6.6) 
The corresponding increase in the relative displacement of the m~ber 
ends is: 
~ , 
y 
1 
2 
f 
su 
E 
s 
f Db su 
4 u (6.7) 
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where 
e' Rotation due to slip at yield. y 
!:J. t Displacement due to slip at yield. y 
d Effective depth of tensile reinforcement. 
In quantifying the expressions above, bond stress was assumed to be 200 
psi for the plain wires [30J. Slip at the joint was assumed to increase 
linearly with moment from zero at the cracking point to the value calculated 
by Eq. 6.5 at yield. 
(c) Story Stiffness 
An approximate method, based on the Portal Method, was used to convert 
member stiffnesses into a single story stiffness. The frame was represented 
as a "shear-beam" model (Fig. 6.20). The story stiffness, Ki, was 
calculated as: 
K. 24 1 (6.8) 
1 h2 2 1 
""""fi( + ~ + 
c ga l:Kgb 
where 
K~ Story stiffness. 
1 
K Col umn stiffness EI / h 
c c 
K Stiffness of girder above story consi dered EI / L ga g 
Kgb Stiffness of girder below story consi dered EI / L g 
I Moment of inerti a. 
h Story height. 
L Bay width. 
E Young's modul us. 
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The approximate method for calculating story stiffness is based on a 
stick model of the frame. Therefore, centerline dimensions of the members 
were used to calculate the story stiffnesses. 
The initial story stiffness was calculated using gross sections of the 
beams and columns. Young's modulus was assumed to be the measured secant 
modulus of the concrete, 4.0xl06 pSi. 
After cracking, the inelastic flexural and slip flexibilities of the 
members were incorporated into the story stiffness. The column stiffness, 
Kc , was based on the member yield force, Fy , and the total displacement at 
yield, ~y + ~y. The strength of each beam was sufficient to resist without 
yielding the yield -,moments of the columns framing into the same jOint. 
Therefore, the girder stiffness, Kg, was based on the moment required for 
equilibrium at the joints, Me, and the corresponding rotation, 8e + 8~ 
(Fig. 6.21). Member forces and displacements used to calculate the story 
stiffnesses are listed in Table 6.2. 
An equivalent rigidity, (El)*, was used to calculate member 
stiffnesses, Kc and Kg, for the inelastic members: 
Col umn: 
F 
--y-
~ 
Y 
K 
c 
Beam: 
M 
e 
8e 
K g 
1 2 (El) 
h3 
* (El) 
h 
6 ( El) 
L 
* (El) 
L 
* 
* 
F 
Y 
1 2 (~ + y 
M 
e 
6 (8 + 8') 
e e 
(6.9) 
(6.10) 
where 
M 
e 
(e + e') 
e e 
* ( EI) 
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Moment in beam corresponding to joint equilibrium. 
Rotation corresponding to Me. 
Equi valent elastic rigidi ty for an inelastic member. 
The story stiffness for cracked sections was calculated using Eq. 6.8 
and the column and girder stiffnesses defined in Eq. 6.9 and 6.10. The 
slope of the story force-displacement curve after yield was assumed to be 3% 
of the slope of the line connecting the calculated yield point with the 
origin. 
The lateral force corresponding to initial cracking of each story 
was the sum of the lateral forces required for cracking of the individual 
columns. Similarly, the story yield force was the sum of column yield 
forces. Story displacement at the cracking load was determined from the 
ini tial story stiffness and displacement at yield from the story stiffness 
based on cracked section. Break points for the calculated story force-
di spl acement curves are 1 isted in Tabl e 6.3. 
6.5.3 Comparison of Observed and Calculated Force-Displacement 
ReI a tionshi ps 
Force-displacement curves as described in Sections 6.5.2 are compared 
with the experimental data in Fig. 6.15. In general, it appears that the 
three-segment linear idealization of the shear-displacement relationships 
was satisfactory. The slope changes in the trend of measured data occurred 
at loads corresponding to those calculated for cracking and yielding. 
However, the trend of the force-displacement data from the second and 
third stories of the Tower Structure suggested very strongly the existence 
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of a response stage in addition to the three already mentioned. For the 
data from those two stories, a well defined break-point can be seen in 
(Fig. 6.15) between those corresponding to cracking and yielding. The 
force-displacement data from the first story of both structures also implied 
the existence of an additional break-point, but not as strongly as did the 
data from the second and third stories of the Tower structure. 
6.6 Summary 
Four static lateral load tests were conducted to evaluate the limit 
analysis procedure used to calculate the lateral strength of the test 
structures. The residual base-shear capacity of both structures and the 
"undisturbed" strength of the one and two-bay sections of the Stepped 
Structure were measured. 
The results of the static lateral load tests indicated that the 
inherent static strength of the test structures exceeded by approximately 
ten percent the upper bound estimate of the strength calculated by limit 
analysis wi th moments based on the assumption of a linear strain 
distribution over the depth of the member sections. To reconcile the 
observed and calculated strength, the procedure for determining flexural 
strength was modified to admit a stress in the tensile reinforcement equal 
to the strength of the material. The stress in the compressive 
reinforcement. was ignored. The lateral strengths calculated on the basis of 
the modified method were within four percent of the forces measured during 
Tests S3 and S4. 
Base-shear capacities calculated using the modified method were 
approximately 8 percent less than the maximum base shears observed during 
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the dynamic tests. Because the observed static strength of the structures 
was also underestimated by the calculation procedure, the effect-of strain 
rate on dynamic strength would appear to be small. 
Force-displacement relationships for the individual stories were 
calculated using the modified procedure for determining flexural strength. 
In general, calculated force-displacement relationships, based on two break 
points (at first cracking and yielding), or three linear segments, 
represented the measured data well. However, the data obtained for some of 
the stories indicated that four linear segments would provide a better fit 
to the force-displacement curves for those stories. 
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7. EVALUATION OF RESPONSE 
This chapter describes the development of a numerical model to 
calculate the displacement response of the test structures from material and 
geometric properties and the base acceleration history. A nonlinear SDOF 
model was selected because of its computational economy and because of its 
demonstrated success in estimating nonlinear displacement response for 
reinforced concrete structures [1,46,58,60J. The model was used to study 
the relationships between the observed response and the shear-displacement 
characteristics of the test structures in an effect to identify aspects of 
the response which might be unique to either regular or irregular 
structures. The equivalent SDOF models for the three types of test 
structures (the Tower, Stepped, and Uniform Structures) were based on the 
same general principles. 
The global force-displacement curve for the test structures was defined 
in terms of the relationship between the base-shear and the displacement at 
the top level (Level 9). A set of hysteresis rules, similar to those 
presented by Takeda [72J, was used to calculate the nonlinear response of 
the structures from the global force-displacement curves. 
7.1 Variation of Stiffness Under Monotonically Increasing Load 
An estimate of the global stiffness of the test structures was obtained 
by constructing base shear versus top-level displacement curves from 
experimental data. For convenience, this relationship is referred to as the 
shear-displacement relationship in the following text. Measlli~ed and 
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calculated relationships between base shear top-level displacement are 
presented in this section. 
7.1.1 Relationship Between Base Shear and Top-Level Displacement 
Changes in the incremental stiffness of a structure subjected to load 
reversals are defined with respect to a primary or backbone curve that 
represents the force-displacement relationship for the structure under a 
monotonically increasing load. Assuming that each time a new maximum 
displacement is reached in either direction, the shear and displacement 
coordinates for that maximum define a point on the primary curve. The 
measured shear-displacement curves were established for the test structures 
as de s cr i be din Fig. 6. 1 6 . 
The primary shear-displacement curves for the four test structures 
(Tower, Stepped, SS1 and SS2) are shown in Fig. 7.1. Story heights, bay 
widths, and member sizes for all four test structures were the same. The 
differences were in the profile and the amount and distribution of 
reinforcement. 
The measured shear-displacement curves d~splayed the typical changes in 
stiffness at loads corresponding to cracking and yielding. Although the 
Stepped Structure was not symmetrical, the observed difference between the 
shear-displacement curves in the two directions was quite small. 
A third break-point in the shear-displacement curves, between the 
break-points referring to cracking and yielding, was perceptible in the data 
obtained for each structure. This break point was most pronounced in the 
data from the Tower Structure. The yield displacement for the Tower 
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Structure was approximately 1.5 in, compared with an average yield 
displacement of 1 in. for the other three structures. 
The shape of the primary curve for the Tower Structure and the 
observation that the yield displacement for this structure was significantly 
higher than the yield displacement for the other structures indicated the 
existence of a phenomenon, in addition to flexural cracking and 
reinforcement yielding, that affected the global stiffness. Additional 
break points had been observed in the individual story shear-displacement 
curves discussed in Section 6.5. 
The third break-point was clearly defined in the story shear 
displacement curve for the third story of the Tower Structure. Because of 
the slenderness of the tower portion, the third story represents a condition 
where the overturning moments can cause large variations in axial load 
(Fig. 7.2). The strength of the story would not be affected perceptively by 
a variation in axial load, because the decrease in flexural capacity caused 
by axial tension in one column is balanced by an increase in the flexural 
capacity of the compressed column. However, the stiffness of the story may 
be reduced significantly. Once the tension column yields, any additional 
lateral load applied to the story is resisted primarily by the compressed 
column. For the case of the third-story columns in the Tower Structure, the 
incremental story stiffness would be reduced by one half. This leads to a 
decrease in the slope or the story shear-displacement curve, an increase in 
the story displacement, and creates the third break-point. 
Another possible source of the observed increase in yield deflection is 
the axial flexibility. This phenomenon is typically neglected because the 
axial extension of the column based on the full cross-section is very 
small. But in slender structures subjected to strong base motion and large 
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overturning moments, it is possible to generate net axial tension forces 
large enough to cause tensile cracks which penetrate the entire section. As 
a consequence, the axial flexibility of the column increases and contributes 
to the lateral displacement nonnegligibly. 
7.1.2 Construction of the Global Shear-Displacement Curve 
The global shear displacement curve was constructed from the material 
and geometric properties of the test structures using the procedure 
descri bed in the following paragraphs. 
The shear-displacement curve is constructed by determining the force 
and displacement coordinates of the three break-points identified in 
Fig. 7.3. All calculations were based on an assumed lateral load 
distribution corresponding to a linearly varying acceleration over the 
height of the structure. 
Break-point (1) refers to the computed initiation of cracking in the 
structure. Computations are made for plain gross sections. Young's modulus 
was assumed to be the measured secant modulus of the concrete (4000 ksi for 
the setback structures and 3000 ksi for the uniform structures). The shear 
coordinate for break-point (1) was assumed to be the cracking force for the 
first story. 
Break-point (2) refers to the development of a yield mechanism. In the 
case of all four test structures, the governing mechanism was one that 
invol ved only the columns of the first story. The limi ting shear was 
independent of the lateral load distribution. The deflection coordinate was 
calculated from a linear analysis of the structure with modified section 
stiff,nesses. To account for cracking and reinforcement slip, beam 
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stiffnesses were reduced by one half in relation to gross-section 
stiffness. Column stiffness reduction factors were 1/4, 1/3.5, 1/3, and 
1/2.5 for Test structures Tower, Stepped, SS1, and SS2, respectively. 
Differences in the column stiffness reduction factors were related to the 
amount of reinforcement in the first-story columns. 
As discussed in the previous section, break-point (3) referred to the 
reduction in column flexural stiffness caused by axial tension in the 
column. The increase in the displacement coordinate of break-point (2) was 
calculated as the sum of the displacements caused by the changes in story 
flexural stiffness caused by yielding of the tension column and the 
contribution to lateral displacement of axial flexibility of columns with 
high tensile forces. 
The magnitude of the variation in axial load in each story was 
approximated by assuming that the story overturning moment was resisted 
entirely by the variation in axial load. Referring to Fig. 7.2, an estimate 
of the change in axial load, ~P, was calculated by dividing the story 
overturning moment, Ms , by the bay width. The summation of the column 
moments Mc ' was calculated to be less than 10% of the story overturning 
moment and ignored. For multiple-bay stories, the distribution of ~p to the 
individual columns was determined by elastic analysis. 
The net axial load in each column and story shears were calculated for 
a lateral load distribution corresponding to the base-shear yield capacity. 
The flexural yi eld capacity of the column intension was calculated from the 
relevant interaction diagram. Story shears were assumed to be distributed 
equally to all columns. The reduced lateral load capacity of the column in 
tension defined the shear coordinate of third break for the story. The 
story stiffness was reduced by a factor of {(N - 1 )/N} for any increase in 
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lateral load above the limiting condition, where N is the number of columns 
per frame for the story considered. The additional lateral displacement of 
the story was calculated as the increase in lateral load divided by the 
reduced stiffness. 
It was also assumed that the axial tensile stiffness of a column would 
be reduced to that of the reinforcement alone if the net tensile axial force 
on the column exceeded the product of the column cross-sectional area and 
the effective tensile strength of the concrete set at 300 psi. For such 
columns, the axial extension was obtained as the product of the steel yield 
strain and the height of the column. Incremental effect of this extension 
on the lateral yield displacement was estimated by multiplying the extension 
by the ratio (HID) where H is the height from column base to top level and D 
is the horizontal distance from the column considered to the centroid of the 
compressive column forces balancing the change in axial tension. 
The increases in the yield displacement and the base shear 
corresponding to the story shear coordinate of the third break-point in the 
story shear-displacement curves are listed in Table 7.1. The total 
incremental displacement attributable to the variation in axial load, o~, 
was added to the displacement coordinate of break-point (2), ~y' to define 
the displacement at break-point (2)* in the global curve. 
The base shear coordinate of break-point (3) was assumed to be the base 
shear at which the stiffness of two stories had been reduced by axial load 
effects. The displacement coordinate of break-point (3) was established 
from the line connecting break-points (1) and (2). 
Coordinates for the three break pOints for the global 
shear-displacement curves are presented in Table 7.2. The incremental 
displacement attributable to the variation of axial load, o~, was equal to 
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90% of the yield displacement, ~y' for the Tower Structure and between 25 
and 35% of the yield displacement for the other three structures. 
7.1 .3 Comparison of Measured and Calculated Shear-Displacement Curves 
Measured and calculated shear-displacement curves are compared in 
Fig. 7.4. Calculated curves wi th three break points are shown in solid 
lines and curves with two break points are represented with broken lines. 
The calculated curves wi th three break points modelled closely the 
measured response for all structures. The relationship between measured and 
calculated curves was essentially the same for all structures. No clear 
distinction between regular and irregular profiles was identified. 
The calculated curves based on two break points provide an acceptable 
model of the measured shear-displacement relationship for the two uniform 
structures and the Stepped Structure. The stiffness of the Tower Structure 
was overestimated significantly for base-shear response above 2 kips. This 
large variation may be attributed to the slenderness of the structure which 
leads to a higher ratio of the variation in column axial load to base shear. 
7.2 Analytical Model for Calculating Dynamic Response 
The base shear versus top-level displacement relationships described in 
the previous section will be used to calculate the nonlinear response of the 
test structures. 
The calculated shear-displacement relationships are used as the 
primary curve for a modified version of the Takeda hysteresiS model [72J. 
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7.2.1 The Equivalent SDOF Nonlinear Model 
The test structures were modelled as nonlinear SDOF oscillators to 
identify similarities and differences between the dynamic response of 
regular and irregular frames. Single-degree-of-freedom models have been 
used successfully to model the deflection response of a variety of 
structures [1 ,46,58,60J including structures with large variations in the 
lateral stiffness distribution over the height [46J. 
Development of the SDOF model to re,present nonlinear response requires 
assumptions about the distribution of displacements and accelerations 
over the height of the structure. In spite of the observation made in 
Chapter 5 that the measured displacement response was governed by an 
apparent first mode and at least three modes contributed to the acceleration 
response, the displacements and accelerations at each level were related by 
a single mode shape in the SDOF model. Neglecting the effects of damping, 
the incremental differential equation for equilibrium of a multi-degree-of-
freedom system may be written as: 
n 
I {( ~x.) m.} + I ~F. 0 i=1 1 1 1 ( 7 • 1 ) 
where 
xi Absol ute di spl acement at level i. 
xi Absol ute accel erati on at level i. 
mi Mass at level i. 
Fi Resi sti ng force at level i . 
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The summation of resisting forces over the height of the structure is the 
base shear, Vb' The absolute acceleration may be represented as the sum of 
the acceleration relative to the base and the base acceleration. 
n .. 
I {( L\~. + L\x ) mi } + L\Vb 0 i=1 1 g (7.2) 
where 
zi Relati ve di splacement at level i. 
zi Relati ve accel erati on at level i. 
Xg Base acceleration. 
Vb Base shear . 
The assumption that relative displacements at any level are equal to 
the relative displacement at the top level, Z, by the mode shape, leads to 
the relationship in Eq. 7.3. 
where 
z 
z. 
1 
<Pi 
Z Relative displacement at the top of the structure. 
<Pi Ordinate of the mode shape at level i. The mode shape is 
assumed to be normalized to an ordinate of 1.0 for the top_ 
1 evel. 
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Substituting into Eq. 7.2: 
n n 
I { m . <p.} ( llZ ) 
i=1 1 1 
+ ~ I { m.} (llx ) 
i=1 1 g 
(7.4) 
The incremental base shear, llVb, may be determin,ed from the global 
shear-displacement relationship as 
(7.5) 
where 
Ke Stiffness from the shear-displacement relationship 
corresponding to a displacement Z. 
IntroducLng two variables, Me and Fe, and substituting into Eq. 7.4 leads to 
the familiar equation of motion for a SDOF oscillator. 
M llZ + K llZ -F llx (7.6) 
e e e g 
where 
n 
M I mi<pi e i=1 
n 
F I m. e i=1 1 
The Newmark Beta Method [48J was used to integrate the general form of 
the differential location of motion. 
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M /::.Z + C /::.Z + K /::.Z 
e e e 
where 
-F /::.x 
e g (7.7) 
Ce Equivalent viscous damage coefficient. 
Incremental changes in acceleration and velocity are approximated as: 
/::.Z 
/::.Z 
/::.Z 
y (/::.Z) 
S (/::. t) 
Z 
S(/::.t) 
y Z 
S 
Z 
2S 
y .. 
{1 - 2S} /::.t Z 
(7.8) 
(7.9) 
Values of the integration constants Y and S were selected to correspond to a 
constant acceleration during the time interval /::.t. The value of S was taken 
to be 0.25 and the value of y was 0.5. 
Substituting into Eq. 7.7: 
M 
e 
-F l':::.x 
e g + 
+ C 
e 
+ 
Z 28] 
K } f1Z 
e 
+ C [~Z + (1 - ~)/::. t z] 
e S 2S 
The incremental displacement, l':::.Z, may be calculated directly from 
(7.10) 
Eq. 7.10. Incremental acceleration and velocity may be calculated from 
Eq. 7.8 and 7.9, respectively. 
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A time interval of 0.0002 sec was used to evaluate the equation of 
motion for the SDOF model. This corresponded to 25 integration steps 
between recorded data points. The effective stiffness, Ke , was evaluated, 
using the hysteresis rules described in Section 7.2.2, during each time 
interval. The damping ratio was assumed to be two percent of critical, and 
the frequency used to calculate the equivalent damping coefficient, Ce , was 
dependent upon the maximum response at a given time. 
7.2.2 Shear-Displacement Relationship for Load Reversals 
The calculated backbone curves shown in Fig. 7.4 were combined with 
the hysteresis model described in this section to calculate the nonlinear 
response of a SDOF oscillator. Three modifications were made to the Takeda 
hysteresis model to represent the observed response of the test structures: 
(1) a third break point was included between cracking and yielding that 
corresponded to softening of the structure due to axial load, (2) reloading 
after the third break-point followed a stiffening curve defined by a cubic 
expression [25J, and (3) the number of hysteresis rules were reduced to 
six in each direction as defined in Appendix B. 
The hysteresis model is described briefly in this section. A detailed 
description is presented in Appendix B. 
The hysteresis model is linearly elastic for displacements below 
the assumed cracking load (Fig. 7.5). After cracking, loading follows the 
backbone curve toward the next break point. Unloading is directly toward 
the maximum response in the other direction. 
Loading beyond break point (3) follows the backbone curve toward the 
assumed yield point. Above yielding, the loading slope is equal to the 
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slope of the backbone curve after yield, Ky. The slope of the unloading 
curve after softening is defined by: 
where 
( ~ * s I~ 1 max 
Coordinates of break pOint (3) (Fig. 7.3). 
(7.11) 
~max The maximum displacement previously attained in the 
loading direction. 
Coefficient defining the unloading slope, 0.4. 
The hysteresis rule for reloading in the opposite direction was assumed 
to depend on the maximum displacement response during the loading cycle. If 
a new displacement maximum has been established during the loading cycle, 
reloading is directly toward the response maximum in the opposite direction 
(Fig. 7.6(a)). 
If the maximum displacement was not exceeded quring the loading cycle, 
reloading in the opposite direction followed a cubic expression 
(Fig. 7.6(b)). The four constants needed to define the cubic expression 
were calculated from the point at which reloading begins, A, and the maximum 
response in the direction of reloading, B. These two pOints defined the 
end-coordinates for the cubic reloading curve. The slope at end A was 
assumed to be 1/2 the slope of the line connecting pOints A and B. The 
slope at end B was assumed to be the unloading slope defined in Eq. 7.11 
with ~max equal to the displacement coordinate at point B. 
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7 . 3 Cal cuI ate d Res po ns e 
The primary force-displacement curves defined in Section 7.1 are 
combined with the SDOF model described in Section 7.2 to estimate the 
dynamic response of the test structures. The response of two uniform 
structures with different strength distributions [61J and two setback 
structures wi th different profiles are calculated and compared wi th the 
measured response. 
Evaluation of the calculated response is based on the ability of 
the analytical model to simulate three aspects of the measured response: 
(1) displacement waveform during strong ground motion, (2) frequency content 
during the entire earthquake simulation, and (3) magnitude of response 
maxima. Structural response is calculated for the design simulations and 
all subsequent simulations of equal or greater intensi ty. 
7.3.1 Structural Response to the First Design Base Motion 
The measured behavior of the different test structures was qui te 
different during the first deSign simulations. Yielding was observed in the 
first stories of Test Structure SSl and the Stepped Structure. The first 
story drift ratio in the Stepped Structure was 1.7% which corresponded to a 
ductility of less than 1.1. In contrast, the first story drift ratio was 
3.1% for Test Structure SS1 corresponding to a ductility of nearly 2. 
System yielding was not observed in either the Tower Structure or Test 
Structure SS2. 
The measured and calculated displacement and shear responses are 
presented in Fig. 7.7. The magnitude of the displacement maxima were 
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overestimated. However, the calculated waveforms for shear and displacement 
response were consistent with the observed response throughout the 
simulations. Plots of the variation of apparent frequency with time 
(Fig. 7.8) also indicate a good correspondence between measured and 
calculated response. 
On the basis of these results, the SDOF model of the test structures 
was considered to provide a good estimate of the observed dynamic response. 
A discussion of the sensitivity of the calculated response to the two 
modifications made to the Takeda hysteresis model [72J follows. 
The effect of break-point (3) was investigated by using the backbone 
curves, based on two break-points only, shown as broken lines in Fig. 7.3. 
The calculated response is shown in Fig. 7.9. As expected, the differences 
in calculated response for Test structure SS1 were insignificant because the 
structure yielded during the design simulation and response was governed by 
the structural stiffness after yielding. The calculated response of the 
other three structure was affected by the changes in the backbone curve. 
Calculated response for the Tower and Stepped Structures based on the 
three-segment primary curve failed to reproduce the observed low-amplitude 
response during the strong ground motion. The frequency content of the 
calculated record for the Tower Structure differed considerably from the 
observed response during the second half of the simulation. The comparison 
for Test Structure SS2 was not good but it was not as bad as it was for the 
Tower and Stepped Structures. 
The effect of the reloading rule based on a cubic expression was 
investigated by using the Takeda hysteresis model with linear relationships 
for all loading and reloading conditions. Calculated response histories for 
the linear hysteresis rules are shown in Fig. 7.10. The calculated response 
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during strong ground motion was not influenced by the reloading rules. 
However, the calculated response after the initial strong ground motion was 
not a good representation of the observed response. Significant variations 
in the frequency content and shape of the displacement waveform of the 
calculated and measured responses were observed. 
The magnitudes of the response maxima were insensitive to changes in 
the hysteresis model. The maximum displacement attained during strong 
ground motion was calculated reasonably well for all three different types 
of hysteresis models considered. 
The success of the modified hysteresis model to reproduce the measured 
response during the entire earthquake simulation justifies the use of the 
third break point and the cubic expression for reloading in the hysteresis 
model. 
7.3.2 Structural Response During Other Simulations 
The nonlinear SDOF model was used to estimate the response of each 
test structure during the entire series of earthquake simulations. 
Parameters related to maximum response (displacement and shear maxima, 
unloading stiffnesses, and constants for cubic reloading) were retained from 
one simulation and used in the next for a particular structure. Instan-
taneous values of displacement, velocity, acceleration, and shear were 
set to zero at the beginning of each simulation. 
The calculated response for repetitions of the deSign base motion and 
base motion with increased intensities are shown in Fig. 7.11. Effective 
peak ground accelerations for the earthquake simulations are presented in 
Table 7.3. 
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The analytical model provided a good estimate of the displacement 
response of all structures for the entire series of earthquake simulations. 
The calculated response closely resembled the measured frequency content and 
shape of the waveform during the strong ground motion. The only notable 
difference between the measured and calculated response during periods of 
strong ground motion occurred during Run 4 of the Tower Structure. The 
correspondence between calculated and measured response during low-amplitude 
excitation during simulations with intensities more than twice'the design 
intensity was not as good, as indicated by the differences between 
calculated and measured response of Test Structure SS2 during Run 5. The 
magnitude of the observed displacement maxima were overestimated for all 
structures in the later simulations. 
7.4 Discussion of Measured and Calculated Response 
In general, the observed behavior of the test structures was well 
represented by a SDOF model and the modified Takeda hysteresis rules. The 
top-level displacement histories of the uniform and setback frames were 
reproduced equally well by the analytical model developed from the same 
principles and assumptions. No evidence from the observed or calculated 
behavior of these planar test structures would justify that dissimilar 
treatment of regular and setback frames for deSign calculations. 
The displacement maxima in the calculated response was insensitive to 
the hysteresis rules for the frame profiles considered. It may be inferred 
that the variation of axial load which influenced significantly the global 
stiffness of the test structures, had little effect on the displacement 
maxima. Because changes in the net axial load are not expected to be as 
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large in actual buildings, the displacement response of a prototype 
structure is not to be expected to be well represented by the measured 
response of the test structures for comparable earthquakes. However, the 
maximum drift is expected to be representative. 
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8. SUMMARY AND CONCLUSION 
This study was designed to investigate the dynamic behavior of planar 
reinforced concrete frames wi th irregular profiles. Current building 
codes [8,70,80J specify different design procedures for regular and 
irregular structures. Although the reason for this policy is not explicitly 
stated, it appears to be inspired by response histories calculated from 
linear structural models wi th irregular profiles which are assumed to 
represent " exact" behavior [70 J • 
This report describes the observed response of two small-scale 
reinforced concrete planar structures with setbacks. Behavior of the test 
structures is compared with the behavior of two similar regular frames 
tested previously [61 J. A nonlinear analytical model is developed to help 
compare the responses of the different test structures. 
8.1 Outline of Investigation 
Two small-scale reinforced concrete structures with setbacks were 
constructed and tested on an earthquake simulator (Fig. 3.1). Each 
structure comprised two nine-story, three-bay frames. Member dimensions 
corresponded to approximat ely one-f ifteenth scale. 
Symmetrical and asymmetrical arrangements of setbacks, relative to the 
center of the base, were selected for study. Story weights and floor areas 
varied by as much as 66% in adjacent stories. 
The test structures were subjected to simulated versions of the N-S 
component of the 1940 El Centro ground motion. Each structure was tested 
several times wi th the same base motion at different intensi ti es. 
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Measurements during the dynamic tests included displacements and 
accelerations at each level of the structure, including the base. 
After completion of the dynamic tests, the structures were subjected to 
static lateral force to check the results of limit analysis for lateral 
strength. 
Response of the test structures was studied using a nonlinear single~ 
degree-of~freedom model. The incremental stiffness of the structures was 
determined from a modified version of the Takeda hysteresis rules [72J with 
the calculated relationship between base shear and top-level displacement 
used as the primary curve. The same procedure was used to calculate the 
response of the uniform and setback frames. 
8.2 Experimental Observations 
Response maxima and indices of the dynamic response during design 
simulations for the four test structures are summarized in Table 8.1. 
The displaced shapes of the two test structures at cycle peaks 
indicated that displacement response was dominated by the lowest 
translational mode as it was for the regular structures. As in the regular 
structures, response accelerations records indicated the perceptible 
participation of two higher modes. However, the shear response was governed 
by the first mode. 
In the design test, the overall drift ratio (lateral displacement at 
top level as a ratio of structure height) was 1.0% for the Tower Structure 
(Fig. 3.1(a» and 1 .1% for the Stepped Structure (Fig. 3.1(b». 
Story yield mechanisms were not observed at any level in the setback 
structures during the design simulations. Neither force nor displacement 
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concentrations were observed in the stories with significant changes in 
stiffness. 
As the base acceleration was increased in successive tests, story yield 
mechanisms were observed. In Run 4 of the Tower Structure (Housner 
Intensity [35J of base motion three times the intensity of the design base 
motion), story mechanisms were observed in stories 1, 4, 5, and 6. In Run 3 
of the Stepped Structure (Housner Intensity of base motion twice the 
intensity of the design base motion), the only mechanism formed in the first 
story. Clearly, mechanism locations were influenced by strength as well as 
changes in profile. 
The observed changes in apparent frequency confirmed the "softening-
stiffening" nature of the force-displacement for reinforced concrete. As 
the amplitude of displacement cycles increased, the apparent frequency 
decreased revealing the softening characteristics of the primary force-
displacement curve. However, if large-amplitude cycles were followed by 
low-amplitude cycles, the apparent frequency tended to increase with 
amplitude, indicating the stiffening characteristics of the reloading curve 
(Fig. 5.21 (a)) . 
In the static lateral load tests, the observed static strength of the 
test structures exceeded the calculated flexural capaci ty by approximately 
ten percent. An improved reconciliation was effected by recognizing the 
strain concentrations at hinge locations which permitted a tensile stress in 
the reinforcement equal to the strength of the material. The maximum base 
shears observed in the dynamic tests were still approximately 8% greater 
than the calculated capacity. The static tests also illustrated that the 
variation of axial load may be important for determining the yield 
mechanisms and stiffness of slender structures. 
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The incremental global stiffness for the test structures was expressed 
in terms of the relationship between base shear and top-level displacement. 
The shear~displacement curve had three break-points corresponding to the 
initiation of cracking, the onset of yielding, and a reduction of the 
structural stiffness caused by large changes in axial load. The primary 
curves (Fig. 7.4) were calculated for story forces based on the assumption 
of story accelerations varying linearly with height. The calculated primary 
curves matched the measured curves for the four structures equally well. 
8.3 Observations Based on Calculated Response 
Numerical analysis of the measured displacement response histories 
resulted in two important modifications to the hysteresis model proposed by 
Takeda [72J. During the reconciliation of measured and calculated 
displacement histories, it was found that the standard trilinear primary 
curve used by Takeda would not give satisfactory results for the initial 
high-amplitude response period of the tests. Analysis of the observed 
shear~displacement curves for the two setback structures revealed that the 
primary curve is better approximated by four straight lines. The existence 
of a third break~point was attributed to yielding of one of the columns 
before the others because of reduction in axial load. Consequently, the 
primary curve was defined to have three or four linear segments (Fig. 7.3), 
depending on the variation of the column forces in a structure under 
lateral loading. This modification improved correspondence between 
calculated and measured response histories in the initial high-amplitude 
period. 
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It was also found that using the reloading rules in the Takeda 
hysteresis model failed to simulate the observed amplitude and apparent 
frequency changes in low-amplitude response following high-amplitude 
response. To remedy this, a simple reloading rule was defined, by which 
force increased as a cubic function of the change in displacement for cycles 
within amplitudes previously attained. The rule was similar to the Duffing 
equation for a nonlinear restoring force with a positive coefficient [25J. 
Use of this rule combined with the softening primary curve simulated 
the observed response and made it possible to reproduce the entire waveform 
consistently for all four test structures. 
Studies using various hysteresis models indicated that while faithful 
reproduction of the displacement waveform required a good hysteresis model, 
the maximum displacement was relatively insensitive to variations in the 
hysteresis model. 
8.4 Conclusion 
Observed dynamic behavior and analyses of the two planar multi-story 
setback frames provided no evidence that the type of design analysis for 
such frames should be different from that for regular frames. 
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TABLES 
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Table 2.1 Vertical Structural Irregularities 
Irregularity Type and Definitiona 
A. Stiffness Irregularity - Soft Story 
1. A decrease in lateral stiffness of more than thirty percent from-a 
story (level) to the story (level) immediately below. 
2. A combined percentage decrease in lateral stiffness of more than fifty 
percent in three stories (levels) immediately below a story (level-)---
under consideration. 
B. Weight (mass) Irregularity 
A change in the effective mass of more than fifty percent from one 
story (level) to the next. A roof which is lighter than the floor 
below need not be considered. 
c. Vertical Geometric Irregularity 
1. A reduction in total length of a structure's lateral force resisting 
system of more than thirty percent at a story (level) relative to any 
story (level) above. 
2. An increase in total length of a structure's lateral force resting . 
system of more than thirty percent from one story (level) to the story 
(level) immediately below, or a setback tower with a plan area less 
than seventy-five percent of a supporting base structure. One-story 
penthouses need not be considered. 
D. In-Plane Discontinuity in Vertical Lateral Force Resisting Element 
An in-plane offset of the lateral load resisting elements greater than 
the length of those elements. 
E. Discontinuity in Capacity - Weak Story 
A decrease in a story yield capacity of more than twenty percent from 
one story (level) to the story(level) immediately below. The story 
yield capacity is the total yield capacity of all frames sharing the 
seismic shear at a story for the direction being considered. 
a From Recommended Lateral Force Requirements [71 ] 
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Table 3.1 Simulation Schedule 
Structure Run Approximate Intensitya 
Tower 
1 Design 
2 1 .5 * Design 
3 2 * Design 
4 3 * Design 
Stepped 
A 0.25 * Design 
B Design 
C 0.25 * Design 
1 Design 
2 1 .5 * Design 
3 2 * Design 
a Intensity based on effective peak ground acceleration. 
Story 
9 
8 
7 
6 
5 
4 
3 
2 
1 
Story 
9 
8 
7 
6 
5 
4 
3 
2 
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Table 4.1 Axial Loads in Columns 
Corresponding to Dead Load 
A 
98 
195 
293 
419 
545 
671 
812 
954 
1 ,096 
(a) Tower Structure 
(b) 
Interior 
Column 
98 
195 
293 
390 
488 
585 
683 
825 
967 
Axial Load, lbs 
Stepped Structure 
Axial Load, lbs 
Column Line 
B C 
98 
195 
293 
419 126 
545 252 
671 378 
812 519 
954 661 
1 ,096 803 
Exterior 
Column 
1 42 
284 
D 
1 41 
283 
425 
Frequency, Hz 
Mode Shape 
Level 
9 
8 
7 
6 
5 
4 
3 
2 
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Table 4.2 Frequencies and Mode Shapes 
Used in Desi gn 
Tower Structure Stepped Structure 
First Second Third First Second Third 
Mode Mode Mode Mode Mode Mode 
3.28 7.64 13.9 3. 18 7.87 13.2 
1 .00 1 .00 1 .00 1 .00 1 .00 1 .00 
0.97 0.84 0.57 0.97 0.83 0.55 
0.91 0.56 -0.18 0.91 0.53 -0.13 
0.83 0.20 -0.84 0.84 0.18 -0.69 
0.73 -0. 18 -1 .13 0.77 -0.09 -0.71 
0.61 -0.53 -0.91 0.67 -0.34 -0.37 
0.47 -0.81 -0.29 0.56 -0.51 0.12 
0.34 -0.95 0.36 0.45 -0.54 0.43 
0.27 -0.82 0.47 0.34 -0.46 0.49 
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Table 4.3 Reinforcement Schedule 
Reinforcement Ratios (%) 
Levell 
Story 
Columns a Girders b 
Tower Structure 
9 
8 
7 
6 
5 
4 
3 
2 
Stepped Structure 
9 
8 
7 
6 
5 
4 
3 
2 
a Based on gross sections. 
b Based on effective depth. 
Interior Exterior 
2.26 (4)C 
2.26 ( 4) 
2.26 ( 4) 
2.26 ( 4) 
2.26 ( 4) 
2.26 (4) 
3.39 (6) 
3.39 (6 ) 1 . 1 3 ( 2) 
3.39 (6) 2.26 (4 ) 
2.26 ( 4) 2.26 ( 4) 
2.26 (4 ) 2.26 (4 ) 
2.26 ( 4 ) 2.26 (4) 
2.26 (4) 2.26 (4 ) 
2.26 (4 ) 2.26 ( 4) 
2.26 (4) 2.26 (4) 
2.26 (4 ) 2.26 (4) 
3.39 (6) 3.39 (6 ) 
4.52 (8) 3.39 (6) 
c Number of reinforcing bars per face (Fig. 4.10). 
1. 73 (2) 
1 .73 (2) 
1 .73 (2) 
1 .73 (2) 
1 .73 (2 ) 
1 .73 (2) 
2.59 (3) 
2.59 (3) 
2.59 (3 ) 
1 .73 (2) 
1 . 73 (2 ) 
1 .73 (2 ) 
1 .73 (2) 
1 .73 (2) 
1 .73 (2) 
1 .73 (2) 
2.59 (3) 
2.59 (3 ) 
Table 5.1 Key to Tables and Figures of Observed Response 
Tower Stepped 
All 
Runs Run 1 Run 2 Run 3 Run 4 Run A Run B Run C Run 1 Run 2 Run 3 
Figures: 
Ground Motion 
Acceleration Histories 5.1 
Displacement Histories 5.2 
Response Spectra 5.3(a) 5.3(b) 5.3(c) 5.3(d) 5.3(e) 5.3(f) 5.3(g) 5.3(h) 5.30) 5.3(j ) 
Fourier Amplitude Spectra 5.6 
Structural Response 
Displacement Histories 5.7(a) 5.8(a) 5.9(a) 5.10(a) 5.11 (a) 5.12(a) 5.13( a) 5.14( a) 5.15(a) 5.16(a) 
Acceleration Histories 5.7(b) 5.8(b) 5.9(b) 5.10(b) 5.11(b) 5.12(b) 5.13(b) 5.14(b) 5.15(b) 5.16(b) 
Shear Histories 5.7(c) 5.8(c) 5.9(c) 5.10(c) 5.11{ c) 5.12(c) 5.13(c) 5.14(c) 5.15(c) 5.16(c) 
Displacement and Shear 5.7(d) 5.8(d) 5.9(d) 5.10(d) 5.11 (d) 5.12(d) 5.13(d) 5.14(d) 5.15(d) 5.16(d) 
Distributions 
Fourier Amplitude Spectra 5.7(e) 5.8(e) 5.9(e) 5.10(e) 5.11 (e) 5.12(e) 5.13(e) 5.14(e) 5.15(e) 5.16(e) 
Hysteretic Response 5.7(f) 5.8(r) 5.9(f) 5.10(f) 5.11(f) 5.12(f) 5.13(f) 5.14(f) 5.15(f) 5.16(f) t-' 
Vertical and Transverse 5.7(g) 5.8(g) 5.9(g) 5.10(g) 5.11 (g) 5.12(g) 5.13(g) 5.14(g) 5.15(g) 5.16(g) 0 N 
Accelerations 
Crack Patterns 5.18 
Frequency Response 
Free-Vibration Tests 5.19 
Variation of Apparent 5.20 
Frequency 5.21 
Tables: 
Ground Motion 
Spectrum Intensities 5.3 
Structural Response 
Summary 5.2 
Simlllation Maxima 5.4(a) 5.4(b) 5.4(c) 5.4(d) 5.4(e) 5.4(f) ·5.4(g) 5.4(h) 5.4(1) 5.4(j ) 
Apparent Frequency 
Frequencies and Damping Factors 5.5 
in Free-Vibration Tests 
Table 5.2 Summary of Response Maxima 
Run 1 
Acceleration (g) 
Base-Level 
Top-Level 
Amplification Factor 
Displacement (in.) 
Fir:st-Story 
Top-Story 
Drift Ratio (") 
Fir:st-Story 
Ovelrall 
Base Shear (kips) 
Base Shear Coefficient 
Base Moment (kip-ln.) 
Normalized Effective Height 
(1) Eff'ecti ve Peak Acceleration .. 0.12 g 
(2) Effective Peak Acceleration" 0.31 g 
0.39 
1.66 
4.3 
0.12 
0.81 
1.0 
1.0 
2.79 
0.56 
150 
0.64 
Tower Structure 
Hun 2 Run 3 
0.61 0.81 
2.43 2.65 
4.0 3.3 
0.21 0.35 
1 .41 1.70 
1.7 2.8 
1.7 2.0 
3.61 3.75 
0.12 0.75 
191 190 
0.65 0.60 
Stepped Structure 
Run 4 Run A Run B Run C Run 1 
1.11 0.39(1) 2.10(2) 0.12 0.44 
3.81 0.49 2.43 0.43 2.24 
3.4 1.3 1.2 3.6 5.1 
0.51 0.04 0.21 0.04 0.21 
2.20 0.14 0.83 0.26 0.89 
4.6 0.3 1.7 0.3 1.7 
2.6 0.2 1.0 0~3 1.1 
3.63 1.36 4.41 0.61 4.32 
0.73 0.20 0.64 0.09 0.63 
188 57 216 38 220 
0.61 0.50 0.58 0.14 0.60 
Run 2 Run 3 
0.61 0.90 
2.91 3.48 
4.9 3.9 
l-' 
0.35 0.58 0 
1 .21 1.45 l.U 
2.8 4.7 
1.4 1.7 
4.95 4.79 
0.72 0.70 
268 264 
0.64 0.65 
104 
Table 5.3 Spectrum Intensities for Base Motions* 
Structure Run 2% 
Tower 1 3. 1 
2 '1 9.3 
3 24.7 
4 33.8 
Stepped A 3. 1 
B 9.8 
C 2.5 
12.8 
2 17.8 
3 24.4 
Damping Factor 
5% 
10.5 
15.3 
19.6 
26.8 
2.5 
8. 1 
2.0 
10.3 
14.2 
19.5 
10% 
8.4 
12.4 
15.8 
21 .7 
2. 1 
6.8 
1 .6 
8.4 
11 . 7 
16.0 
* Calculated between periods of 0.04 and 1.0 sec. 
Units in in. 
20% 
6.9 
9.9 
12.7 
17.6 
1 .8 
5.5 
1 .3 
6.8 
9.5 
13.0 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 Measured Response Maxima 
(a) Tower Structure - Run 1 
Average Displacement Interstory Drift Average Acceleration 
(in. ) (%) (g) 
0.87 at 2.885 sec 0.4 1.25 at 3.040 sec 
-0.72 at 3.045 sec -1.66 at 2.875 sec 
0.83 at 2.890 sec 1.1 1.04 at 3.045 sec 
-0.69 at 3.045 sec -1.33 at 2.885 sec 
0.75 at 2.890 sec 1.2 0.87 at 3.050 sec 
-0.63 at 3.050 sec -1.11 at 2.860 sec 
0.65 at 2.895 sec 1.4 0.79 at 2.740 sec 
-0.56 at 3.050 sec -1.10 at 2.855 sec 
0.53 at 2.900 sec 1.5 0.80 at 2.745 sec 
-0.46 at 2.740 sec -1.00 at 2.845 sec 
0.39 at 2.905 sec 1.4 0.83 at 1.630 sec 
-0.37 at 2.740 sec -0.85 at 2.910 sec 
0.28 at 2.905 sec 1.1 0.76 at 1.625 sec 
-0.25 at 2.740 sec -0.67 at 2.910 sec 
0.18 at 2.905 sec 0.7 0.64 at 1.620 sec 
-0.18 at 1.625 sec -0.43 at 2.915 sec 
0.11 at 2.900 sec 1.0 0.50 at 1.625 sec 
-0.12 at 1.625 sec -0.42 at 2.925 sec 
Story Shear 
(kips) 
0.65 at 2.875 sec 
-0.49 at 3.040 sec 
1.08 at 2.880 sec 
-0.86 at 3.040 sec 
1. 44 at 2.880 sec 
-1.18 at 3.045 sec 
I-l 
1.67 at 2.885 sec 0 VI 
-1.39 at 3.045 sec 
1.88 at 2.895 sec 
-1.56 at 3.055 sec 
2.08 at 2.900 sec 
-1.70 at 3.055 sec 
2.26 at 2.905 sec 
-1.91 at 2.745 sec 
2.60 at 2.910 sec 
-2.23 at 1.620 sec 
2.79 at 2.910 sec 
-2.76 at 1.625 sec 
Story/Level 
9 
8 
1 
6 
5 
4 
3 
2 
Table 5.4 (cant.) Measured Response Maxima 
(b) Tower Structure - Run 2 
Average Displacement 
(in. ) 
1.41 at 2.960 sec 
-1.09 at 2.195 sec 
1.34 at 2.965 sec 
-1.05 at 2.795 sec 
1.23 at 2.960 sec 
-0.96 at 2.195 sec 
1.10 at 2.965 sec 
-0.86 at 2.195 sec 
0.90 at 2.910 sec 
-0.12 at 2.795 sec 
0.66 at 2.910 sec 
-0.58 at 2.800 sec 
0.46 at 2.910 sec 
-0.41 at 2.800 sec 
0.31 at 2.980 sec 
-0~28 at 1 .695 sec 
0.21 at 2.910 sec 
-0.21 at 1.700 sec 
Int~rstorf Drift 
(%) 
0.8 
1.4 
1.1 
2.4 
2.1 
2.2 
1.1 
1.1 
1.1 
Average Acceleration 
(g) 
1.69 at 3.125 sec 
-2.43 at 2.940 sec 
1.31 at 2.110 sec 
-1.88 at 2.950 sec 
1.17 at 2.195 sec 
-1.57 at 2.925 sec 
1.16 at 2.800 sec 
'-1.64 at 2.915 sec 
1.12 at 2.810 sec 
-l.lIl at 2.910 sec 
1.05 at 1.690 sec 
-1.23 at 2.980 sec 
1.10 at 1.690 sec 
-0.94 at 2.980 sec 
1.02 at 1.690 sec 
-0.68 at 2.885 sec 
0.86 at 1.100 sec 
-0.51 at 2.995 sec 
Story Shear 
(kips) 
0.95 at 2.9l10 sec 
-0.66 a.t 3.125 sec 
1.5l1 at 2.945 sec 
-1.16 at 2.175 sec 
1.97 at 2.945 sec 
-1.50 at 2.775 sec 
2.22 at 2.955 sec 
-1.76 at 2.185 sec 
2.lI1 at 2.965 sec 
-2.05 at 2.190 sec 
2.12 at 2.910 sec 
-2.3l1 at 2.800 sec 
2.96 at 2.915 sec 
-2.60 at 2.805 sec 
3.34 at 2.980 sec 
-2.94 at 1.690 sec 
3.51 at 2.985 sec 
-3.61 at 1.690 sec 
I-' 
0 
~ 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cant.) Measured Response Maxima 
(c) Tower Structure - Run 3 
Average Displacement 
(in. ) 
1.53 at 3.050 sec 
-1.70 at 2.555 sec 
1.45 at 3.045 sec 
-1.64 at 2.555 sec 
1.35 at 3.050 sec 
-1.51 at 2.555 sec 
1.20 at 3.050 sec 
-1.37 at 2.555 sec 
0.99 at 3.055 sec 
-1.16 at 2.555 sec 
0.74 at 3.060 sec 
-0.89 at 2.555 sec 
0.54 at 1.965 sec 
-0.63 at 2.550 sec 
0.42 at 1.960 sec 
-0.46 at 2.545 sec 
0.32 at 1.965 sec 
-0.35 at 2.545 sec 
Interstory Drift 
(%) 
0.9 
1.6 
1.9 
2.5 
3.0 
2.9 
2.0 
1.3 
2.8 
Average Acceleration 
(g) 
2.65 at 1.450 sec 
-2.46 at 3.030 sec 
1.87 at 2.535 sec 
-2.05 at 3.040 sec 
1.59 at 1.775 sec 
-1.60 at 3.010 sec 
1.51 at 2.550 sec 
-1.65 at 3.005 sec 
1.55 at 2.560 sec 
-1.52 at 2.680 sec 
1.38 at 1.715 sec 
-1.12 at 3.070 sec 
1.14 at 1.710 sec 
-0.89 at 1.940 sec 
1.07 at 1.735 sec 
-0.89 at 1.930 sec 
0.93 at 1.385 sec 
-0.77 at 4.375 sec 
Story Shear 
(kips) 
0.96 at 3.030 sec 
-1.03 at 1.450 sec 
1. 44 at 3.035 sec 
-1.53 at 1.450 sec 
1.90 at 3.040 sec 
-1.84 at 2.535 sec 
2.22 at 1.590 sec 
-2.12 at 2.540 sec 
2.51 at 1.590 sec 
-2.44 at 2.550 sec 
2.56 at 1.590 sec 
-2.71 at 2.560 sec 
2.73 at 3.065 sec 
-2.88 at 2.565 sec 
3.06 at 1.955 sec 
-3.06 at 2.535 sec 
3.75 at 1.950 sec 
-3.63 at 1.735 sec 
!---1 
0 
-.J 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cont.) Measured Response Maxima 
(9) Tower Structure - Run 4 
Average Displacement Interstory Drift Average Acceleration 
(in. ) (%) (g) 
2.09 at 2.060 sec 1.6 3.81 at 2.620 sec 
-2.20 at 2.630 sec -2.57 at 1.620 sec 
1.98 at 2.055 sec 2.1 2.46 at 2.630 sec 
-2.07 at 2.635 sec -1.83 at 1.630 sec 
1.89 at 2.060 sec 2.9 2.31 at 2.600 sec 
-1.90 at 2.635 sec -1.64 at 1~635 sec 
1. 74 at 2.055 sec 4.6 2.24 at 2.595 sec 
-1.66 at 2.640 sec -1.75 at 1.595 sec 
1.49 at 2.055 sec 4.6 1.95 at 2.585 sec 
-1.25 at 2.635 sec -1.36 at 2.050 sec 
1.17 at 2.055 sec 3.3 1.60 at 11.260 sec 
-0.85 at 2.620 sec -1.21 at 2.055 sec 
0.89 at 2.055 sec 2.0 1.27 at 2.565 sec 
-0.58 at 2.605 sec -1.06 at 1.695 sec 
0.71 at 2.055 sec 1.6 1.35 at 1.415 sec 
-0.47 at 1.435 sec -1 .11 at 1.685 sec 
0.57 at 2.055 sec 4.6 1.14 at 1.400 sec 
-0.38 at 1.435 sec -1.17 at 1.680 sec 
Story Shear 
(kips) 
1.00 at 1.620 sec 
-1.48 at 2.620 sec 
1.64 at 1.615 sec 
-1.98 at 2.625 sec 
1.97 at 1.625 sec 
-2.23 at 2.630 sec 
I-' 
2.27 1.630 sec 0 at ex:> 
-2.40 at 2.640 sec 
2.41 at 1.630 sec 
-2.47 at 2.645 sec 
2.63 at 2.050 sec 
-2.47 at 2.610 sec 
2.90 at 2.055 sec 
-2.52 at 2.610 sec 
3.26 at 2.060 sec 
-2.38 at 1.795 sec 
3.63 at ·2.025 s~i.! 
-3.37 at 1.415 sec 
Story/Level 
9 
8 
7 
c:: 
~ 
0' 
\l.1 6 
~ 
~v 
5 
4 
3 
2 
Table 5.4 (cant.) Measured Response Maxima 
(e) Stepped Structure - Run A 
Average Displacement 
(in. ) 
0.12 at 2.590 sec 
-0.14 at 1.300 sec 
0.12 at 2.590 sec 
-0.13 at 1.305 sec 
0.11 at 2.590 sec 
-0.12 at 2.445 sec 
0.11 at 2.590 sec 
-0.12 at 1.305 sec 
0.10 at 2.590 sec 
-0.10 at 1.305 sec 
0.08 at 2.590 sec 
-'0.08 at 2.450 sec 
0.07 at 2.585 sec 
-0.07 at 2.455 sec 
0.05 at 2.585 sec 
-'0.06 at 2.450 sec 
0.04 at 2.585 sec 
-'0.04 at 2.455 sec 
Interstory Drift 
(%) 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.3 
Average Acceleration 
(g) 
0.42 . at 2.255 sec 
-0.49 at 2.130 sec 
0.33 at 2.250 sec 
-0.35 at 1.420 sec 
0.28 at 2.445 sec 
-0.29 at 2.610 sec 
0.28 at 2.470 sec 
-0.29 at 2.115 sec 
0.25 at 2.430 sec 
-0.24 at 1.200 sec 
0.23 at 2.225 sec 
-0.24 at 2.590 sec 
0.27 at 2.215 sec 
-0.23 at 2.580 sec 
0.27 at 2.215 sec 
-0.23 at 2.335 sec 
0.28 at 2.205 sec 
-0.19 at 2.580 sec 
Story Shear 
(kips) 
0.19 at 2.130 sec 
-0.16 at 2.255 sec 
0.32 at 2.130 sec 
-0.29 at 2.250 sec 
0.40 at 1.420 sec 
-0.34 at 2.250 sec 
0.53 at 2.605 sec 
-0.52 at 1.310 sec 
0.68 at ~.605 sec 
-0.69 at 1.310 sec 
0.81 at 2.600 sec 
-0.82 at 1.310 sec 
1.01 at 2.595 sec 
-0.98 at 1.305 sec 
1.19 at 2.585 sec 
-1.09 at 1.300 sec 
1.36 at 2.580 sec 
-1.21 at 2.450 sec 
I--' 
0 
1..0 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cant.) Measured Response Haxirna 
(£) Stepped Structure - Run B 
Average Displacement Interstory Drift Average Acceleration 
(in. ) (%) (g) 
0.83 at 2.985 sec 0.5 2.10 at lJ.090 sec 
-0.81 at 5.5ltO sec -2.lJ3 at 7.770 sec 
0.82 at 2.985 sec 1.0 1.30 at 1.685 sec 
-0.76 at 5.5ltO sec -1.98 at 6.765 sec 
0.7lJ at 2.990 sec 0.9 1.21 at lJ.075 sec 
.... 0.68 at 5.5lJO sec -1.38 at 2.985 sec 
0.68 at 2.990 sec 1.0 1.13 at lJ.070 sec 
-0.61 at 5.535 sec -1.13 at 2.995 sec 
0.59 at 2.995 sec 1.3 1.01 at lJ.060 sec 
-0.53 at 5.535 sec -1.02 at 3.000 sec 
0.lJ8 at 2.995 sec 1.1 1.08 at lJ.055 sec 
-0.lJ3 at 5.535 sec -0.91 at 6.710 sec 
0.39 at 2.995 sec 1.0 1.11 at lJ.OlJ5 sec 
-0.35 at 1.715 sec -0.75 at 3.015 sec 
0.31 at 3.000 sec 1.1 0.89 at lJ.035 sec 
-0.27 at 1.710 sec -0.58 at 6.715 sec 
0.21 at 2.995 sec 1.7 0.78 at 4.025 sec 
-0.19 at 1.715 sec -0.78 at 6.855 sec 
Story Shear 
(kips) 
0.95 at 7.770 sec 
-0.82 at lJ.090 sec 
1.33 at 6.765 sec 
-1 .11 at 3.1lto sec 
1.67 at 6.765 sec 
-1.lJ2 at 3.1115 sec 
2.06 1.585 sec I-' at I-' 
-2.02 at 5.5lt5 sec 0 
2.62 at 1.575 sec 
-2.lJ1 at 5.550 sec 
3.13 at 1.575 sec 
-2.68 at 5.5lJO sec 
3.67 at 1.570 sec 
-3.07 at 5.530 sec 
3.97 at 1.570 sec 
-3.68 at 1.710 sec 
4.lJl at 2.995 sec 
-lJ.12 at 1.710 sec 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cont.) Measured Response Maxima 
(g) Stepped Structure - Run C 
Average Displacement Interstory Drift Average Acceleration 
(in.) (%) (g) 
0.18 at 1.630 sec 0 .. 3 0.43 at 2.180 sec 
-0.26 at 2.180 sec --0.28 at 2.350 sec 
0.17 at 1.625 sec 0.3 0.30 at 2.175 sec 
-0.24 at 2.175 sec -0.21 at 2.360 sec 
0.15 at 1.620 sec 0.4 0.21 at 2.150 sec 
-0.21 at 2.175 sec -0.15 at 2.360 sec 
0.14 at 1 .625 sec 0.3 0.18 at 2.145 sec 
-0.18 at 2.175 sec -0.15 at 2.315 sec 
0.12 at 1.625 sec 0.4 0.15 - at 2.140 sec 
-0.15 at 2.180 sec -0.13 at 1.615 sec 
0.10 at 1.620 sec 0.4 0.12 at 2.210 sec 
-0.12 at 2.175 sec -0.13 at 2.020 sec 
0.08 at 1.615 sec 0.3 0.09 at 2.095 sec 
-0.09 at 2.175 sec -0.12 at 2.010 sec 
0.06 at 1.605 sec 0.3 0.11 at 2.110 sec 
-0.07 at 2.180 sec -0.10 at 1.585 sec 
0.04 at 1.595 sec- 0.3 0.09 at 2.120 sec 
-0.04 at 2.175 sec -0.10 at 1.575 sec 
Story Shear 
(kips) 
0.11 at 2.350 sec 
-0.17 at 2.180 sec 
0.18 at 1.975 sec 
-0.28 at 2.180 sec 
0.22 at 1.975 sec 
-0.35. at 2.175 sec 
0.26 at 1.630 sec I-' 
-0.42 at 2.175 sec I-' 
I-' 
0.33 at 1.625 sec 
-0.47 at 2.175 sec 
0.39 at 1.625 sec 
-0.52 at 2.170 sec 
0.46 at 1.615 sec 
-0.57 at 2.175 sec 
0.50 at 1.605 sec 
-0.60 at 2.175 sec 
0.56 at 1.595 sec 
-0.62 at 2.185 sec 
Story/Level 
9 
8 
1 
6 
5 
4 
3 
2 
Table 5.4 (cont.) Measured Response Maxima 
(h) Stepped Structure - Run 1 
Average Displacement 
(in. ) 
0.89 at ,2.935 sec 
-0.81 at 3.095 sec 
0.87 at 2.935 sec 
-0.76 at 3.090 sec 
0.78 at 2.935 sec 
-0.68 at 3.095 sec 
0.70 at 2.940 sec 
-0.59 at 3.090 sec 
0.60 at 2.940 sec 
-0.50 at 3.090 sec 
0.49 at 2.945 sec 
-0.41 at 3.095 sec 
0.39 at 2.945 sec 
-0.32 at 2.780 sec 
0.31 at 2.945 sec 
-0.25 at 2.780 sec 
0.21 at 2.940 sec 
-0.17 at 2.780 sec 
Interstory Drift 
(%) 
0.6 
1.1 
1.0 
1.1 
1.3 
1.1 
0.9 
0.1 
1.7 
Average Acceleration 
(g) 
1.89 at 3.090 sec 
-2.24 at 2.925 sec 
1.51 at 3.100 sec 
-1. 74 at 2.935 sec 
1.40 at 3.100 sec 
-1.67 at 2.935 sec 
0.98 at 2.750 sec 
-1.17 at 2.905 sec 
0.84 at 2.800 sec 
-1.05 at 2.955 sec 
0.78 at 1.675 sec 
-0.94 at 2.960 sec 
0.72 at 1.675 sec 
-0.61 at 2.965 sec 
0.53 at 2.180 sec 
-0.49 at 2.975 sec 
0.57 at 1.695 sec 
-0.50 at 2.980 sec 
Story Shear 
(kips) 
0.87 at 2.925 sec 
-0.74 at 3.090 sec 
1.33 at 2.930 sec 
-1.18 at 3.090 sec 
1.83 at 2.935 sec 
-1.62 at 3.100 sec 
2.21 at 2.940 sec 
-2.09 at 3.100 sec 
2.58 at 2.945 sec 
-2.26 at 3.100 sec 
2.93 at 2.945 sec 
-2.58 at 3~085 sec 
3.43 at 2.955 sec 
-2.88 at 3.085 sec 
3.84 at 2.935 sec 
-3.12 at 2.715 sec 
4.33 at 2.940 sec 
-3.50 at 2.780 sec 
I-' 
I-' 
N 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cont.) Measured Response Maxima 
(i) Stepped Structure - Run 2 
Average Displacement lnterstory Drift Average Acceleration 
(in. ) (%) (g) 
1.21 at 3.000 sec 0.7 2.60 at 1.470 sec 
-1.07 at 2.835 sec -2.97 at 2.985 sec 
1.18 at 3.005 sec 1.2 1. 72 at 1.475 sec 
-1.01 at 2.835 sec -2.25 at 2.995 sec 
1.07 at 3.005 sec 1.3 1.lJ6 at 3.180 sec 
-0.92 at 2.8]5 sec -2.23 at 3.005 sec 
0.97 at 3.010 sec 1.5 1.29 at 2.810 sec 
-0.82 at 2.8~15 sec -1.57 at 2.965 sec 
0.85 at 3.015 sec 1.7 1.02 at 2.860 sec 
-0.72 at 2 .8~15 sec -1.26 at 3.020 sec 
0.70 at 3.015 sec 1.4 1.22 at 1.730 sec 
-0.60 at 2.8 L15 sec -1.03 at 3.025 sec 
0.58 at 3 .0~!0 sec 1.3 1.07 at 1.730 sec 
-0.49 at 2.8 L15 sec -0.88 at 3.030 sec 
0.47 at 3.0;~5 sec 1.3 0.69 at 1.750 sec 
-0.38 at 2.8115 sec -0.76 at 3.045 sec 
0.35 at 3.020 sec 2.8 0.85 at 1.750 sec 
-0.28 at 2. 8~)0 sec -0.72 at 3.045 sec 
Story Shear 
(kips) 
1.16 at 2.985 sec 
-1.02 at 1.470 sec 
1.66 at 2.995 sec 
-1.45 at 1.470 sec 
2.25 at 3.000 sec 
-1.75 at 1.475 sec 
2.90 at 3.005 sec I-' 
-2.23 at 2.835 sec I-' 
w 
3.31 at 3.005 sec 
-2.65 at 2.820 sec 
3.65 at 3.010 sec 
-3.07 at 2.820 sec 
4.14 at 2.990 sec 
-3.66 at 2.830 sec 
4.63 at 2.995 sec 
-4.19 at 2.840 sec 
4.95 at 3.005 sec 
-4.53 at 2.845 sec 
Story/Level 
9 
8 
7 
6 
5 
4 
3 
2 
Table 5.4 (cant.) }1easured Response Maxima 
(j) Stepped Structure - Run 3 
Average Displacement Interstory Drift Average Acceleration 
(in. ) (:&) (g) 
1.28 at ~.0~5 sec 1.0 ~.48 at 1.4~0 sec 
-1.45 at .5 5 sec - .92 at 2.7 5 sec 
1.25 at 3.050 sec 1.5 2.32 at 2.560 sec 
--1.38 at 2.570 sec -1.92 at 2.745 sec 
1.17 at 3.055 sec 1.7 1.90 at 1.490 sec 
-1.27 at 2.570 sec -1.61 at 1.605 sec 
1.10 at 3.065 sec 1.6 1.57 at 1.450 sec 
-1.15 at 2.575 sec -1.61 at 2.710 sec 
1.01 at 3.065 sec 1.8 1.27. at 2.585 sec 
-1.04 at 2~580 sec -1 .11 at 2.700 sec 
0.90 at 3.070 sec 1.6 1.07 at 2.590 sec 
-0.87 at 2.580 sec -0.89 at 1.950 sec 
0.80 at 3.075 sec 1.4 0.84 at 1.420 sec 
-0.73 at 2.575 sec -0~94 at 3.080 sec 
0.70 at 3.080 sec 1.4 0.84 at 1.760 sec 
-0.61 at 2.575 sec -0.82 at 3.090 sec 
0.58 at 3.080 sec 4.7 0.77 at 1.405 sec 
-0.49 at 2.575 sec -0.86 at 1.970 sec 
Story Shear 
(kips) 
1. 14 at 2.~15 sec 
-1.36 at 1. 0 sec 
1.51 at 2.735 sec 
-1.84 at 1.475 sec 
2.03 at 1.600 sec 
-2.14 at 1.480 sec 
2.77 at 1.605 sec 
-2.62 at 2.570 sec l-' l-' 
.j> 
3.34 at 1.605 sec 
-3.14 at 2.575 sec 
3.65 at 1.610 sec 
-3.51 at 2.585 sec 
4.22 at 1.590 sec 
-3.92 at 2~590 sec 
4.59 at 1.595 sec 
-4.25 at 2.560 sec 
4.79 at 1.965 sec 
-4.62 at 1.770 sec 
Structure 
Tower 
Steppetd 
Tab~e 5.5 Apparent Natural Frequencies and Damping 
Factors in Free-Vibration Tests 
Apparent Natural Frequencies 
Free-Vibration Test 
Before Run 1 
Following Run 
Following Run 2 
Following Run 3 
Following Run 4 
Before Run A 
Following Run A 
Following Run B 
Following Run C 
Following Run 1 
Following Run 2 
Following Run 3 
Estimated 
Damping Factor 
(%) 
3 
12 
11 
15 
14 
4 
6 
12 
11 
11 
12 
11 
Mode 1 
(hz) 
5.6 
2.7 
2.4 
2.1 
1.9 
5.9 
4.7 
3.0 
3.0 
2.8 
2.7 
2.5 
Mode 2 
(hz) 
13.8 
8.1 
7.1 
6.1 
5.4 
14.3 
11.7 
7.4 
7.5 
7.0 
6.7 
6.2 
Mode 3 
(hz) 
23.7 
13.3 
11.3 
10.3 
9.6 
23.6 
20.3 
12.6 
12.3 
10.7 
11.1 
10.6 
1---1 
1---1 
lJ1 
Table 6.1 Calculated Flexural Strengths of Columns and Girders 
(a) Tower Structure 
Type/Location 
Columns 
Stories: 
4-9 
3 
2 Exterior 
1 Exterior 
a Number 
of Bars 
(Each Face) 
4 
6 
2 
4 
1-2 Interior 6 
Girders 
Levels: 
4-9 2 
1-3 3 
Bar 
Diameter 
(in. ) 
0.090 
0.090 
0.090 
0.090 
0.090 
0.177 
o. 177 
b p 
(%) 
2.21 
3.32 
1 . 11 
2.21 
3.32 
1 .69 
2.54 
b C 
(in. ) 
1 .53 
1 .53 
1 .53 
1 .53 
1 .53 
1 .54 
1 .54 
dC d YC 
(in. ) (in. ) 
1 .23 0.27 
1 .20 0.30 
1 .23 0.27 
1 .23 0.27 
1 .20 0.30 
1 .89 0.36 
1 .89 0.36 
f Md,e 
y 0 
(ksi) (k-in.) 
56.3 1 .74 
56.3 2.40 
56.3 1 .00 
56.3 1 . 74 
56.3 2.40 
55.2 4.70 
55.2 6.77 
a Two bars per face were discontinued at mid-height of the 4th story for the interior 
columns and at mid-height of the 2nd story for the exterior columns. 
b Reinforcement ratio are based on gross section for columns and effective depth for ~eams. 
c Section dimensions are mean values for entire structure. 
d Ultimate moments correspond to the condition of zero axial load. 
e Compressive strength of concrete was 6,140 psi. 
f-I 
f-I 
CJ'\ 
Table 6.1 (cont.) Calculated Flexural Strengths of Columns and Girders 
(b) Stepped Structure 
a Number Bar 
Diameter 
(in. ) 
b p bC dC d'C f Md,e 
Type/Location 
Columns 
Stories: 
3-9 
2 
1 Exterior 
Interior 
Girders 
Levels: 
3-9 
1-2 
of Bars 
(Each Face) 
4 
6 
6 
8 
2 
3 
(%) 
0.090 2.21 
0.090 3.32 
0.090 3.32 
0.090 4.43 
0.177 1 .73 
0.177 2.60 
y 0 
(i n.) (i n. ) (in. ) (ksi) (k-in.) 
1 .52 1 .23 0.28 56.3 1 .71 
1 .52 1 .20 0.31 56.3 2.36 
1 .52 1 .20 0.31 56.3 2.36 
1 .52 1 . 18 0.33 56.3 2.96 
1 .52 1 .87 0.38 55.2 4.64 
1 .52 1 .87 0.38 55.2 6.68 
a Two bars per face were discontinued at mid-height of the 2nd and 3rd stories for the 
interior columns and at mid-height of the 3rd story for the exterior columns. 
b Reinforcements ratio are based on gross section for columns and effective depth for beams. 
c Section dimensions are mean values for entire structure. 
d Ultimate moments correspond to the condition of zero axial load. 
e Compressive strength of concrete was 6,000 psi. 
I-' 
I-' 
-.....J 
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Table 6.2 Member Forces and Displacements Used to 
Calculate Story Stiffnesses 
(a) Columns 
Cracking Cracking Yield Yield Displacement 
Story Column Force Displ. Force Flexure Slip 
Location (k) (i n. ) (k) (i n. ) (i n. ) 
Tow_er Structure: 
9 Interior 0.09 0.001 0.55 0.016 0.041 
8 Interior 0.10 0.001 0.57 0.016 0.041 
7 Interior O. 11 0.002 0.58 0.016 0.041 
6 Interior O. 11 0.002 0.60 0.017 0.041 
5 Interior 0.12 0.002 0.61 0.017 0.041 
4 Interior o. 13 0.002 0.63 0.017 0.041 
3 Interior O. 13 0.002 0.85 0.020 0.042 
2 Interior 0.14 0.002 0.86 0.021 0.042 
2 Exteri or 0.09 0.001 0.30 0.014 0.041 
1 Interior 0.09 0.007 0.53 0.058 0.069 
1 Exterior 0.06 0.004 0.35 0.045 0.068 
Stepped Structure: 
9 A,B 0.09 0.001 0.55 0.016 0.041 
8 A,B 0.10 0.001 0.57 0.016 0.041 
7 A,B O. 11 0.002 0.58 0.016 0.041 
6 A,B O. 11 0.002 0.60 0.017 0.041 
6 C 0.09 0.001 0.55 0.016 0.041 
5 A,B 0.12 0.002 0.62 0.017 0.041 
5 C 0.10 0.002 0.58 0.016 0.041 
4 A,B o. 13 0.002 0.64 0.017 0.041 
4 C O. 11 0.002 0.60 0.017 0.041 
3 A,B 0.14 0.002 0.66 0.018 0.041 
3 C 0.12 0.002 0.62 0.017 0.041 
3 D 0.09 0.001 0.56 0.016 0.041 
2 A,B O. 15 0.002 0.88 0.021 0.042 
2 C o. 13 0.002 0.84 0.020 0.042 
2 D 0.10 0.002 0.79 0.019 0.042 
1 A 0.10 0.007 0.54 0.060 0.069 
1 B 0.10 0.007 0.64 0.072 0.070 
1 C 0.09 0.006 0.62 0.067 0.070 
1 D 0.07 0.005 0.49 0.054 0.069 
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Table 6.2 (cont. ) Member Forces and Displacements Used 
to Calculate Story Stiffnesses 
(b) Girders 
Cracking Cracking Equilibrium Equilibrium Rotation 
Level Moment Rotation Moment Flexure Slip 
(k-in. ) (k-in. ) 
Tower Structure: 
9 0.63 0.00041 2.32 0.0024 0.0015 
8 0.63 0.00041 4.72 0.0049 0.0063 
7 0.63 0.00041 4.86 0.0050 0.0067 
6 0.63 0.00041 4.99 0.0052 0.0071 
5 0.63 0.00041 5.13 0.0053 0.0075 
4 0.63 0.00041 5.26 0.0055 0.0079 
3 0.63 0.00041 6.24 0.0053 0.0054 
2 0.63 0.00041 2.84 0.0024 0.0011 
1 0.63 0.00041 3.50 0.0030 0.0017 
Stepped Structure: 
9 0.63 0.00041 2.32 0.0024 0.0015 
8 0.63 0.00041 4.72 0.0049 0.0063 
7 0.63 0.00041 4.86 0.0050 0.0067 
6 0.63 0.00041 3.09 0.0032 0.0027 
5 0.63 0.00041 3.79 0.0039 0.0041 
4 0.63 0.00041 3.92 0.0041 0.0044 
3 0.63 0.00041 3.09 0.0032 0.0027 
2 0.63 0.00041 4. 16 0.0035 0.0024 
1 0.63 0.00041 4.81 0.0041 0.0032 
Story 
Tower Structure: 
9 
8 
7 
6 
5 
4 
3 
2 
Stepped Structure: 
9 
8 
7 
6 
5 
4 
3 
2 
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Table 6.3 Calculated Story Break-Points 
Cracking 
Force 
(k) 
0.36 
0.39 
0.42 
0.45 
0.48 
0.51 
0.54 
0.95 
0.62 
0.36 
0.39 
0.42 
0.64 
0.70 
0.75 
1 .01 
1 .09 
0.70 
Cracking 
Displacement 
(in. ) 
0.007 
0.007 
0.008 
0.008 
0.009 
0.009 
0.007 
0.006 
0.008 
0.007 
0.007 
0.006 
0.006 
0.007 
0.006 
0.007 
0.007 
0.009 
Yield 
Force 
(k) 
2.20 
2.27 
2.33 
2.39 
2.46 
2.52 
3.38 
4.67 
3.51 
2.20 
2.27 
2.33 
3.52 
3.64 
3.76 
5.01 
6.78 
4.57 
Yield 
Displacement 
(in. ) 
0.147 
o. 167 
0.172 
0.177 
0.183 
0.166 
0.134 
0.101 
0.151 
0.147 
0.167 
0.137 
0.155 
0.163 
0.150 
0.131 
0.148 
0.177 
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Table 7.1 Increases in Yield Displacement Attributable 
to Axial Load Effects 
Structure/ 
Story 
Tower Structure 
9 
8 
7 
6 
5 
4 
3 
2 
1 
Total 
Stepped Structure 
9 
8 
7 
6 
5 
4 
3 
2 
1 
Total 
Increased 
Axial 
Flexibility 
(in. ) 
0.008 
0.014 
0.014 
0.015 
0.024 
0.075 
0.004 
0.005 
0.004 
0.011 
0.024 
Reduced 
Story 
Stiffness 
(in. ) 
0.044 
o. 130 
0.195 
0.100 
0.033 
0.068 
0.570 
0.009 
0.052 
0.028 
0.015 
0.100 
0.204 
Corresponding 
Base Shear 
(k) 
3.0 
2.2 
1 .5 
2.0 
2.2 
2.3 
4.3 
3.4 
3.6 
4.2 
2.6 
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Table 7.1 (cont.) Increases in Yield Displacement Attributmle 
to Axial Load Effects 
Structure/ 
Story 
Structure SS1 a 
9 
8 
7 
6 
5 
4 
3 
2 
1 
Total 
Structure SS2a 
9 
8 
7 
6 
5 
4 
3 
2 
1 
Total 
Increased 
Axial 
Flexibility 
(in. ) 
0.004 
0.004 
a Tested by A. E. Schultz [61 J. 
Reduced 
Story 
Stiffness 
(in. ) 
0.007 
0.024 
0.040 
0.065 
0.136 
0.013 
0.040 
0.027 
0.043 
0.013 
0.059 
0.195 
Corresponding 
Base Shear 
(k) 
3.6 
3.0 
2.5 
?.7 
4.5 
3.4 
4. 1 
3.5 
4.6 
4.0 
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Table 7.2 Calculated Break-Points for Global 
Force-Displacem~nt Relationships 
Break-Point (l)a Break-Point (3)a Break-Point (2)a 
b. c Vc b. s Vs (in.) (k) (in.) (k) 
Tower 0.05 0.6 0.38 2.0 
Stepped 0.04 0.7 0.43 3.4 
0.06 0.9 0.38 2.7 
0.06 0.9 0.45 3.5 
a Location of break-points defined in Fig. 7.3. 
b Tested by A. E. Schultz [61J. 
b.y (in. ) 
0.73 
0.61 
0.57 
0.69 
db. 
(in. ) 
0.65 
0.23 
0.14 
0.20 
3.5 
4.6 
3.8 
5. 1 
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Table 7.3 Earthquake Simulations Considered 
During the Analytical Investigation 
Tower S truct ur e: 
Run 
Run 2 
Run 3 
Run 4 
Stepped Structure: 
Run B 
Run 
Run 2 
Run 3 
Structure SSl a : 
Run 
Run 2 
Run 3 
Run 4 
Structure SS2a : 
Run 
Run 2 
Run 3 
Run 4 
Run 5 
Run 6 
a Tested by A. E. 
Effective Peak 
Acceleration 
(g) 
0.39 
0.61 
0.81 
1 . 11 
0.37 
0.44 
0.61 
0.90 
0.35 
0.34 
0.53 
1 .44 
0.35 
0.40 
0.36 
0.66 
0.99 
1 .31 
Schul tz [61 J. 
Relati ve 
Intensity 
Design 
1.5 * Design 
2 * Design 
3 * Design 
Design 
Design 
1 .5 * Desi gn 
2 * Design 
Design 
Design 
1 .5 * Desi gn 
4 * Design 
Design 
Desi gn 
Design 
2 * Desi gn 
3 * Desi gn 
4 * Design 
Table 8.1 Response Maxima and Indices for the Test Structures 
During the Design Earthquake Simulations 
Tower Steppeda 
Initial FrequencyC (hz) 5.6 4.7 
Final Frequencyd (hz) 2.7 3.0 
Base Shear: 
Measured (kips) 2.8 4.3 
Weight of Structure (kips) 5.0 6.8 
Base Shear Coefficient 0.56 0.63 
Calculated Capacity (kips) 3.5 4.6 
Accelertaion: 
Top-Level (g) 1 .66 2.24 
Base-Level (g) 0.39 0.44 
Amplification 4.3 5. 1 
Displacement: 
Top-Level (in.) 0.87 0.89 
First-Story (in.) O. 12 0.21 
Overall Drift (%) 1 .0 1 • 1 
First Story Drift (%) 1 .0 1 . 7 
Spectrum Intensitye (in.) 8.4 8.4 
Concrete Strength (psi) 6100 6000 
a DynamiC response data from Run 1, frequency data from Run B. 
b Tested by A. E. Schultz [61J. 
c Frequency from free-vibration test before design simualation. 
d Frequency from free-vibration test after design simulation. 
e Hausner Spectrum Intensity for 10% damping [35J. 
SS1 b 
3.9 
2.4 
3.9 
10.3 
0.38 
3.8 
0.86 
0.35 
2.5 
1 .00 
0.38 
1 .2 
3. 1 
8.2 
5600 
SS2b 
4.5 
2.5 
4.4 
10.3 
0.43 
5. 1 
1 .13 I--' N 
0.35 lJl 
3.2 
0.90 
o. 18 
1 • 1 
1 .4 
6.9 
5300, 
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Parameters Considered 
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Parameters Considered 
Level of Setback 0.2 0.4 0.6 0.8 
Degree of Setback 0.17 0.33 0.67 1.0 
"~. ";,,.. "- ". 
"'"" 
I ... 20ft .. I ... 20ft ... 1. 20ft ... 1 
Fig. 2.7 Ten-Story Setback Structures Analyzed 
by Pekau and Green [52] 
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Fig. 2.8 Vertical Irregularities in Frame Structures [8] 
Fig. 3.1 Photographs of Test Structures 
(a) Tower Structure 
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Fig. 3.1 (cont.) 
(b) 
Photographs of Test Structures 
Stepped Structure 
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(b) Stepped Structure 
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(b) Stepped Structure 
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APPENDIX A 
DESCRIPTION OF EXPERIMENTAL PROGRAM 
Details which influenced the construction, erection, and testing of the 
small-scale structures are discussed in this appendix. A description of the 
experimental phase of the project may be divided into four main topics: 
construction and physical characteristics of the test structures, testing 
apparatus, instrumentation, and data collection and reduction. 
A.l Test Structures 
Each test structure comprised two frames mounted in parallel on the 
earthquake simulator (Fig. A.1). The frames, which were approximately one-
fifteenth scale, had nine stories and irregular vertical profiles. Frames 
were connected at each level such that the lateral displacements of the 
frames would be equal. 
Nominal member dimensions and frame configurations are described in 
Chapter 2. Measured specimen dimensions, measured material properties, 
story masses, connection details, and fabrication procedures are described 
in this section. 
A.l.l Dimensions 
Before testing, gross cross-sectional dimensions were measured at both 
ends of every member using a mechanical dial gage with a least count of 
0.001 in. Recorded data, presented in Table A.1, correspond well with 
nominal values. Effective depth of the longitudinal steel was determined 
indirectly by measuring the concrete cover depth. After the completion of 
327 
dynamic and static testing, concrete cover was chipped away at random 
locations. The depth to the reinforcing bars was measured using another 
mechanical dial gage with a least count of 0.001 in. Measured cover depths 
are listed in Table A.2. 
A.l.2 Material Properties 
(a) Concrete 
Test specimens were cast from small-aggregate concrete with dry-weight 
mix proportions of 1.0:0.9:3.7 ( type III high early-strength cement: fine 
sand: coarse river sand). All aggregate passed through a No.4 sieve. The 
water-cement ratio was 0.75. Each frame was cast from a separate batch of 
concrete; however, the same mix proportions were used. The concrete mixes 
were dry, slumps ranged from 1 1/2 to 4 in. 
Twenty 4x8-in. cylinders and twelve 2x2x8-in. prisms were cast from 
each batch of concrete as control specimens. Ten cylinders were tested in 
compression, six cylinders were used to establish the splitting tensile 
strength, and the modulus of rupture was determined from center-point 
loading of the prisms. Measured concrete properties are summarized in Table 
A.3. 
Load-deformation data were recorde~ during the compressive tests. 
Deformations were measured over a 5-in. gage length. A least-squares 
procedure was used to fit a parabolic equation through the stress-strain 
data obtained from each cylinder. The strain data were then shifted by the 
strain intercept corresponding to zero stress so that the curve passed 
through the origin of the plot. The average corrcection was 0.005. A mean 
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curve was obtained by averaging the polynomial coefficients. Shifted data 
points and the mean curve are shown in Fig. A.2. The secant modulus was 
calculated at a stress of one-half the average compressive strength for each 
curve. 
(b) Steel 
Bright-basic wire was used for longitudinal and transverse 
reinforcement in the test structures. Ten-foot lengths of straightened wire 
were purchased from Wire Sales Company and Central Steel and Wire Company of 
Chicago. The surface of all the wire was washed with a petroleum-based 
solvent and then cleaned with acetone. 
No." 16 gage wire was used for all transverse reinforcement. Transverse 
reinforcement in the beams and columns was provided by continuous, 
rectangular spirals. Helices were positioned in the core of the joints to 
provide additional confinement. Supplemental rectangular spirals were also 
placed in the beam and column stubs. Rectangular spirals and helices were 
formed on a mandrel on a lathe and straightened by hand. 
Annealed, bright-basic wire was used for longitudinal reinforcement. 
The surface of the longitudinal reinforcement was rusted to increase the 
bond between the concrete and steel. The wire was sprayed with a muriatic 
acid solution and placed in a fog room until the surface was covered with 
rust (2-4 days). Loose rust particles were removed with emery paper and 
wire brush. Longitudina~ reinforcement in the beams was provided by 
knurled No.7 gage wire. No. 13 gage wire was used for column 
reinforcement. 
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Five samples of each type of wire were tested in tension at a strain 
rate of O.005/sec. Measured material properties are summarized in Table 
A.4. Stress-strain curves for the longitudinal steel are shown in Fig. A.3. 
A.1.3 Story Masses 
Additional weight was placed at each story level to increase the 
inertial forces and vertical loads. The story masses were an integral part 
of the connection system which linked the two frames. The masses were 
steel boxes filled with concrete (Fig. A.4). Steel cover plates and 
reinforcing bars were added as required to achieve the desired weight 
and centroidal location. Three-in. channels were welded across the boxes in 
the transverse direction. Continuity between the steel and concrete was 
provided by hooks which were welded to the side plates and channels. 
All story masses of a particular size were cast from a single batch of 
concrete. Measured weights of the masses, connecting hardware, and frame 
dead load are presented in Table A.5. Mass centroids were positioned at 
story-level center-lines during erection of the structures. 
A.1.4 Connection System 
A nonstructural connection system was used to couple the two 
independent frames of the test structures. The connection system consisted 
of two functional groups: the story masses and the connection hardware 
(harness). The masses spanned between the frames while the harnesses 
attached directly to the frames through the beam-column joints. The system 
was designed such that displacements of the two frames would be equal at 
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each level, rotational restraint of the joints would be negligible, and 
loads would be applied directly to beam-column jOints without eccentricity. 
The test frames were cast with steel tubing through the center of the 
beam- column joints. The harness system, consisting of 4-in. channels and 
2 1/2-in. angles, linked the masses to the frames through the use of bolts 
fitted to these holes (Fig. A.5). At each story level, 4-in. channels were 
positioned symmetrically on both sides of the beams. Two greased washers 
were used as spacers to separate the channels from the frame and to reduce 
the rotational resistance. The channels were attached to the frame with 
greased, 7/16-in. diameter bolts through the tubing. The 2 1/2-in. angles 
were mounted across the bottom flanges of the channels. The 3-in. channels 
attached to the story masses were then connected to these angles with 
1/2-in. diameter bolts. One-in. diameter bolts, with 17/32-in. diameter 
holes drilled along their axes, were used as spacers between the 
3-in. channels and the angles. Lock nuts were used to secure all bolted 
connections. 
The story masses were also connected at each story to a "bellows" 
system to increase the transverse stiffness. Steel plates connected with 
hinges constituted the bellows which provided negligible longitudinal 
restraint. 
Each test frame was mounted on the earthquake simulator with six l-in. 
diameter bolts which were post-tensioned through the base girder (Fig. A.6). 
Four 3-in. angles linked the two frames at the top of the base girder. The 
east and west ends of the base girders were also confined by 4-in. angles 
mounted directly on the simulator platform. Hydrocal was placed around the 
base girders and angles to detect movement. The absence of cracks after 
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testing indicated that the base girders did not slip or rock during the 
dynamic tests. 
A.1.5 Construction of the Test Structures 
Reinforcing cages were constructed from bright-basic wire of various 
sizes. Knurled No.7 gage wire was used for longitudinal reinforcement in 
the beams, plain No. 13 gage wire was used for longitudinal reinforcement in 
the columns, and plain No. 16 gage wire was used for transverse and 
confinement reinforcement. The continuous, rectangular spirals which were 
used for transverse reinforcement were also used to fabricate the 
reinforcing cages. The spirals were laid out in the configuration of the 
structure and longitudinal reinforcing bars were tied in the corners and on 
the sides of the spirals (Fig. A.7). In this manner, the longitudinal steel 
was used to straighten minor deviations in the spirals, and the spirals were 
used as templates to maintain proper spacing among the longitudinal bars. 
Longitudinal reinforcement was continuous through the joints. Splicing 
was not required. Anchorage of the longitudinal bars was developed in the 
beam and column stubs that extended beyond the exterior joints of the 
frame. Additional transverse reinforcement was located in the stubs for 
confinement. Column reinforcement was cut at two locations in each of the 
structures. The bars were extended to mid-height of the story above to 
ensure proper anchorage at the joint. Steel plates were welded to the 
first-story column reinforcement 6 in. below the base of the columns to 
provide positive anchorage of the reinforcement. 
Joints were reinforced with circular spirals for additional 
confinement. A.1 3/8-in. long piece of 1/2-in. diameter, 22-gage steel 
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tubing was located at the center of each joint. The harnesses were attached 
to the frames through these holes. 
Reinforcement for the base girders included four No. 4 reinforcing bars 
and No.7 gage wire stirrups spaced at approximately 2 in. Galvanized steel 
tubing was placed in the form to block out holes through the base girder. 
Six 1 3/4-in. diameter pieces were oriented vertically and four l-in. 
diameter pieces were positioned horizontally. The frame was bolted to the 
simulator platform through the vertical holes, and aluminum support frames 
were attached through the horizontal holes to transport the structures. 
Forms for the test specimen included a horizontal casting platform and 
steel side forms (Fig. A.B). The forms were oiled lightly before the rein-
forcing cages were positioned. Four wire seats at each joint supported the 
reinforcing cages at the proper elevation. 
Each frame was cast individually, a log of the experimental phase is 
presented in Table A.6. The concrete mix described in Section A.l.2 was 
used for all frames. The casting operation lasted approximately 2 hours. 
Concrete was placed in the forms by hand and consolidated with a mechanical 
vibrator. The surface of the frame was then troweled smooth. As soon as 
the top surface of the concrete had set, the casting platform was covered 
with plastic to reduce the water loss from evaporation. Approximately 8 
hours after the concrete had been cast, the side forms were removed so that 
the frames would not be restrained. The frames were then covered with wet 
burlap and plastic. Cylinders and prisms which were used as control 
specimens were also cured in this environment. The frames were removed from 
the casting platform 1-2 weeks after casting (Table A.6). 
Erection of the test structures began with positioning of the masses on 
the earthquake simulator. A system of steel angles and cables was used to 
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align the masses and provide stability during construction (Fig. A.9). The 
masses were supported on wooden blocks. Each mass was positioned vertically 
and horizontally before the next mass was added to the stack. The frames 
were then slid into position (Fig. A.9). Each frame was centered and then 
bolted to the simulator through the vertical tubes in the base girder. 
Shims were placed under the base girder as required so that the frames were 
vertical. 
After the frames were in place, the channels running along the beams 
were installed. The bolts through the joints were tightened snug by hand to 
avoid crushing the concrete in the joints. The angles were then hung from 
the channels and the masses were connected to the frames. The collapsible 
wooden blocks were removed approximately 4 hours before testing began. The 
alignment angles were dismantled the day before testing. 
A.2 Testing Apparatus 
The test structures were subjected to three types of tests: earthquake 
simulations, free-vibration tests, and static tests. Each type of test was 
conducted while the structures were positioned on the earthquake simulator. 
A brief description of the testing apparatus is presented in this section. 
A.2.1 Earthquake Simulator 
The University of Illinois Earthquake Simulator is an experimental 
facility designed to subject small-scale structures to laboratory base 
motions, of regular or random character, in one horizontal direction. Major 
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components of the earthquake simulator include a hydraulic ram equipped with 
a servovalve, a test platform, and a command center. 
The hydraulic ram is capable of achieving a peak force of 75,000 lb, a 
maximum velocity of 15 in./sec, and a maximum double amplitude displacement 
of 4 in. Input motion may be amplified to produce base motions within these 
limits. 
The test platform (Fig. A.6) is 12-ft square in plan and consists of a 
3/8-in. plate welded to 5-in. I-beams. A grid of 1/2-in. diameter holes at 
12-in. spacing have been drilled through the plate for mounting specimens. 
The platform is supported by four series of flexure plates, with flexure 
joints at each end. The flexure joint acts as a hinge allowing free motion 
of the platform up to a double-amplitude displacement of 5 in. The platform 
was designed to support specimens up to 10,000 lb. 
A 3/4-in. steel plate was bolted to the top of the test platform for 
this series of tests. Lines were scored on the plate to facilitate 
centering of the specimen. A column, formed from a W 21x57 structural steel 
section with 1/4-in. plates welded to the flanges to form a base girder, was 
bolted to the upper base plate to serve as a reference frame for the 
displacement measurements. The instrument column was also braced at 
approximately 2/3 height with 4-in. square steel tube sections. The natural 
frequency of the braced column was measured to be 37 Hz. 
The test platform was connected to the hydraulic ram with a flexure 
link, a steel shaft with reduced sections at each end. The flexure link 
transmits the horizontal movement of the ram to the test platform without 
restraining the vertical movement of the test platform. 
The hydraulic ram is driven by a displacement signal generated in the 
command center. Analog ground acceleration records were electronically 
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integrated by the command center to produce the corresponding displacement 
signals. 
A detailed description of the earthquake simulator and generation of 
analog acceleration records is presented in References [66J and [67J. 
A.2.2 Free-Vibration Setup 
Free-vibration tests were conducted before the initial earthquake 
simulation and after every simulation. A schematic drawing of the free-
vibration apparatus is shown in Fig. A.l0. 
A 100-lb weight was hung from a pulley system attached to the 
ninth-story mass of the test specimen. The imposed displacements were 
small: top story displacements were on the order of 0.05 in. for the 
initial free-vibration test. The cable supporting the weight was cut, and 
the resulting free-vibration response of the structure was recorded. Top-
story acceleration and displacement response was amplified so that the 
recorded signals were not dominated by noise. Response of one story in the 
base section was also amplified to determine if the tower and base section 
were vibrating at the same frequency. 
A.2.3 Static Test Setup 
Both structures were subjected to static lateral load tests following 
the final earthquake simulation. A hand operated, 10-ton hydraulic ram was 
mounted horizontally on the instrument column (Fig. A.11). Force was 
applied to the structure by the ram through the centroid of the story mass 
at the loaded level. The magnitude of the applied force was measured with a 
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dynamometer positioned between the ram and the structure. Wooden blocks and 
steel plates were used as spacers and to ali gn the ram. Ball bearings were 
positioned on both sides of the dynamometer to reduce loading 
eccentricities. 
A.3 Instrumentation 
The response of the test structures during the earthquake simulations 
was monitored with two types of instruments: accelerometers measured 
absolute accelerations and linear voltage displacement transducers (LVDT's) 
were used to measure relative displacements. Instrument locations are shown 
schematically in Fig. A.12. Full-scale values for each of the instruments 
was ± 4.5 volts. Each instrument was calibrated such that the predicted 
maximum response corresponded to full-scale readings. 
A.3.1 Accelerometers 
Twenty-six accelerometers were used to measure the in-plane,-
transverse, and vertical acceleration response of the test structures. 
Accelerometers mounted on the sides of the story masses at the beam 
centerline elevation measured the in-plane response at each level of both 
frames (Fig. A.13). Base motions were measured by accelerometers mounted on 
top of the base girders. Two accelerometers were positioned on the column 
stubs above the ninth~story of the south frame to record vertical frame 
motion. Transverse accelerations were measured with accelerometers mounted 
at the southwest and northeast corners of the ninth story. Accelerometers 
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were mounted on the instrument column at elevations corresponding to the 
third and ninth-stories of the frames. 
Two types of accelerometers were used. Accelerometers measuring 
in-plane accelerations at each story level and transverse accelerations were 
Endevco piezoresistive type. All others were Endevco Q-Flex accelerometers. 
Manufacture's ratings for the two types of accelerometers are listed in 
Table A.7. 
The accelerometers were mechanically calibrated with +1.0 g, 0.0 g, and 
~1.0 g signals. Rotating the instrument 90 degrees from the horizontal 
position (0.0 g) lead to ± 1.0 g conditions. 
A.3.2 Linear Voltage Displacement Transducers 
Eighteen LVDT's were used to meas~e the relative displacements of the 
test structures. All LVDT's were mounted on 2~in. angles bolted to the 
instrument column. The instrument column was sufficiently stiff that dis-
placements measured relative to the column were considered relative to the 
test platform. Extension rods were used to connect the LVDT's to the frames 
at mid-depth of the beam stubs (Fig. A.13). Relative displacements were 
recorded at every level of both frames. 
Three types of LVDT's were used corresponding to gage lengths of ± 1 
in., ± 2 in., and ± 3 in. Manufact~er's ratings for the instruments are 
listed in Table A.8. 
Mechanical calibration of the LVDT's was performed with machined 
aluminum blocks of 1 and 2~in. lengths. 
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A.4 Data Collection and Reduction 
Various techniques were used to monitor the response of the test struc~ 
tures during the dynamic and static tests. Details of data collection and 
reduction procedures are described in this section. 
A.4.1 Dynamic Tests 
Structural response during the dynamic tests was monitored with the 
instruments described in Section A.3 and by visual inspection of the struc-
tures. Signals from the electronic instruments provided quantitative infor~ 
mati on while observed damage was a qualitative indication of the structural 
behavior. 
(a) Electronic Instrument Signals 
Analog signals from the accelerometers and LVDT's were amplified before 
being recorded and digitized. A schematic diagram of the signal path is 
shown in Fig. A.14. Mechanical and electrical calibrations were obtained 
for each instrument the day before the dynamic test. Electrical 
calibrations were repeated before each simulation to monitor any changes in 
the network of gages and signal conditioning units. 
Signals from the three types of LVDT's were conditioned identically. 
Different signal conditioning units were used for the two types of acceler-
ometers. 
Conditioned signals were delivered directly to a computer system for 
immediate conversion to digital values. The computer system is a standard 
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LSI 11/23 processor (Digital Equipment Corp.) equipped with an analog~to~ 
digital converter board (Data Translation DT2769) and a real time~clock. 
The converter board has a 64-channel capacity and a specified individual 
aperture time of 200 microseconds. A FORTRAN program using subroutines from 
a commercial software package (Data Translation ~ CPLIB) was used to control 
the analog-=-to"""di gi tal board and real""'time clock. Data sampling rate can be 
varied. A rate of 200 samples per second per channel was selected as an 
adequate compromise between frequency resolution and volume of collected 
data. Digitized data were stored on hard disk (DEC RL02). 
Signals were also recorded on analog magnetic tapes as a back~up to the 
computer system. Data from these tapes were not used. 
Digitized data were scaled into engineering units following the sim~ 
ulations. Scaled data were stored on hard disk with duplicate files on 
floppy disk (DEC RX02). 
(b) Visi ble Damage 
A visual survey of damage was conducted immediately before the initial 
earthquake simulation and after each simulation. The majority of the beams 
were covered with the harness channels; however, all columns and joints were 
visible. Exposed concrete surfaces were sprayed with a fluid containing 
fluorescent particles (Partek P1-A Fluorescent, Magnaflux Corp., Chicago) 
which collected in the cracks. Particles reflect incident black light, 
cracks are thereby easily identified. Crack locations were marked on the 
test structures and recorded on data sheets. Crack widths and regions of 
spalled concrete were also noted. 
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Movies of structural response were also recorded on 8 mm and 16 mm 
film. 
A.4.2 Static Tests 
After the completion of dynamic testing, the two test structures were 
subjected to a series of static lateral load tests. Measurements included 
lateral load and story displacements. 
Load was applied incrementally with a 10~ton hydraulic ram 
(Fig. A.11). A dynamometer, positioned between the ram and the story mass, 
was used to measure the magnitude of the applied load. 
Two types of static tests were conducted: tests at the first level of 
both structures and tests at upper levels of the Stepped Structure. 
Different procedures were used to measure displacements for each type of 
test. Dial gages with a least count of 0.001 in. were used during the 
base-shear tests to monitor displacements of the north and south frames at 
the locations shown in Fig. A.15. For the upper-level tests, scales with a 
least count of 1/64 in. were mounted on the south frame of the Stepped 
Structure at the locations indicated in Fig. A.16. Horizontal displacements 
were monitored by recording the movement of the scales with a transit which 
was located approximately 15 ft from the structure. Dial gages were also 
located at the east end of the first level of both frames. Provisional 
wooden struts were used to brace the first story during loading of the upper 
levels. 
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Table A.l Measured Cross-Sectional Dimensions 
Beam Depth 
(in. ) 
Mean Std. Dev. 
2.25 0.01 
2.24 0.02 
2.24 0.01 
2.25 0.01 
2.24 0.01 
2.24 0.03 
2.24 0.02 
2.24 0.01 
2.23 0.02 
2.24 0.02 
Tower Structure 
Beam Width 
(in. ) 
Mean Std. Dev. 
1 .55 0.02 
1 .55 0.02 
1 .54 0.02 
1 .56 0.01 
1 .57 0.05 
1 .55 0.03 
1 .55 0.01 
1 .54 0.01 
1 .53 0.01 
1 .54 0.02 
Col umn Depth 
(in. ) 
Mean Std. Dev. 
1 .50 0.02 
1 .49 0.01 
1 .50 0.01 
1 .50 0.01 
1 .50 0.01 
1 .50 0.01 
1 .50 0.02 
1 .51 0.02 
1 .50 0.02 
1 .50 0.02 
Column Width 
(in. ) 
Mean Std. Dev. 
1 .54 0.02 
1 .54 0.02 
1 .53 0.01 
1 .54 0.02 
1 .54 0.01 
1 .54 0.02 
1 .55 0.01 
1 .53 0.02 
1 .52 0.02 
1 .53 0.02 
UJ 
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Story 
9 
8 
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6 
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4 
3 
2 
All Levels 
Table A.l (cont.) Measured Cross-Sectional Dimensions 
Beam Depth 
(in. ) 
Mean Std. Dev. 
2.25 0.01 
2025 0001 
2.25 0001 
2.26 0.01 
2.25 0.02 
2.26 0.01 
2.26 0.01 
2.24 0.01 
2.23 0.02 
2.25 0.01 
Stepped Structure 
Beam Width 
(i n. ) 
Mean Std. Dev. 
1 .51 0.01 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
1 .51 0.01 
1 .52 0.01 
1 .51 0.02 
1 .52 0.02 
1 .52 0.01 
1 .52 0.01 
Column Depth 
(in. ) 
Mean Std. Dev. 
1 .52 0.01 
1 .51 0001 
1 .51 0.01 
1 .51 0.02 
1 .50 0.01 
1 .50 0.01 
1 .50 0.02 
1 .50 0.02 
1 .51 0.02 
1 .51 0.01 
Column Width 
(in. ) 
Mean Std. Dev. 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
1 .51 0.01 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
1 .52 0.01 
w 
.p-. 
N 
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Table A.2 Measured Concrete Cover for Longitudinal Steel 
Tower Structure 
Columns 
Beams 
Stepped Structure 
Columns 
Beams 
Number of 
Measurements 
24 
16 
50 
30 
Measured Cover Depth 
(i n. ) 
Mean Std. Dev. 
0.23 0.03 
0.27 0.03 
0.23 0.04 
0.29 0.04 
Table A.3 Concrete Properties 
Age at a b Secant ' Compressi ve b Splitting c Modulus of d 
Testing Modulus Strength Strength Rupture 
Frame (Days) (psi) (psi) (psi) (psi) 
Mean Std. Mean Std. Mean Std. Mean Std. 
Dev. Dev. Dev. Dev. 
Tower Structure North 95 6 0.1X106 6240 300 520 30 1130 90 3.9x10 
6 0.lx106 
w 
South 110 6050 220 490 30 1130 100 +:--3.9xl0 +:--
Stepped Structure North 149 3.7x10 6 0.2Xl06 5520 260 510 80 1040 80 
South 137 4.0xl0 6 0.2X106 6470 300 530 80 1130 100 
a Calculated at 0.5*f' 
c 
b Ten 4 x 8 in. cylinders 
c Six 4 x 8 in. cylinders 
d Twelve 2 x 2 x 8 in. prisms 
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Table A.4 Steel Properties 
Location 
Beams 
Columns 
Transverse 
Wire Gage 
No. 7 
No. 13 
No. 16 
a Strain Rate - 0.005/sec 
b Five samples 
Diameter 
(in. ) 
0.177 
0.090 
0.062 
Yield Stressa , b 
(ksi) 
Mean Std. Dev. 
55.2 
56.3 
11 2. 1 
0.6 
0.4 
5.0 
Table A.5 Measured Story Weights 
Tower Structure 
Levels 3-9 
Levels 1-2 
Stepped Structure 
Levels 7-9 
Levels 4-6 
Levels 1-3 
Story 
Mass 
(lb) 
270 
929 
270 
579 
929 
Harness 
(lb) 
95 
148 
95 
137 
148 
Frame 
Dead Load 
(lb) 
25 
57 
25 
40 
57 
StrengthC3:,b 
(ksi) 
Mean Std. Dev. 
63.5 
61 .7 
117.9 
0.5 
0.8 
5.4 
Total 
(lb) 
390 
1134 
4998 
390 
756 
1134 
6840 
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Table A.6 Chronology of Experiment 
Event Tower Structure Stepped Structure 
Cast Frame (South) 3 Oct 83 21 Nov 83 
(North) 18 Oct 83 9 Nov 83 
Remove Frame from (South) 12 Oct 83 28 Nov 83 
Casting Platform (North) 27 Oct 83 16 Nov 83 
Dynamic Tests 20 Jan 84 5 Apr 84 - 6 Apr 84 
Stati c Tes ts 31 Jan 84 10 Apr 84 
13 Apr 84 
23 Apr 84 
Test Control Specimens 20 Jan 84 6 Apr 84 
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Table A.7 Manufacturer's Ratings - Accelermometers 
Manufacturer 
Model 
Range 
Linearity 
Frequency Response (± 5 %) 
Natural Frequency 
Fraction of Critical Damping 
Piezorestitive 
Accelerometers 
Endevco 
2262C-25 
± 25 g 
1 00 % 
0-750 Hz 
2500 Hz 
0.7 
Q-Flex 
Accelerometers 
Endevco 
QA-116-15 
± 15 g 
0.03 % 
0-500 Hz 
1000 Hz 
0.6 
Table A.8 Manufacturer's Ratings - Linear Voltage 
Displacement Transducers 
Manufacturer Model Working Range . Lineari ty 
Collins 
Pennsauken 
Pennsauken 
711 T42 
2000 HR 
3000 JiR,;. 
± 
± 
± 
1 .0 in. 0.25 % 
2.0 in. 0.25 % 
3.0 in. 0.25 % 
Dimensions in inches. 
24 24 24 J ... -----Story Masses 
QlDJr~1 I Pin Connections 
Side View 
Fig. A.I Test Structure 
Front View 
W 
.J>-
00 
..... 
en 
~ 
en 
en 
UJ 
~ 
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TOWER STRUCTURE - CONCRETE CYLINDER DATA 
'1. 
6-
• 
S. 
4. 
3-
2. 
CALC1.JLA TEO MEAN 
1. 
1. Ia 3. Ia 
STRAIN ... llZllZllZl 
STEPPED STRUCTURE - CONCRETE CYLINDER DATA 
7.1ar-----____________________ ~~----------------------~------------~----------~ 
STRA IN'" UJIaIa 
• • • 
Fig. A.2 Stress-Strain Curves for Concrete 
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BEAM REINFORCEMENT 
60.0 
+ One Standard Deviation 
GJ 
~ 
40.0 
(f) 
(f) 
W 5 Samples 0:: 
I- No. 7 gage Wire (f) 
Strain Rate O.OOS/sec 
20.0 
fult .. 63.5 ± 0.5 ksi 
o.o~----~----~----~----~----~------~----~----~----~----~ 
0.00 0.02 0.04 0.06 0.08 0.10 
STRAIN 
COLUMN REINFORCEMENT 
60.0 
± One Standard Deviation 
9J 
::J. 
40.0 
(J) 
(f) 
W 5 Samples 0:: 
I- No. 13 gage Wire (J) 
Strain Rate O.OOS/sec 
20.0 
'ult - 61.7 + 0.8 ksl 
o.o~----~----~----~----~----~----~----~----~----~----~ 
0.00 0.02 0.04 0.06 0.08 0.10 
STRAIN 
Fig. A.3 Stress-Strain Curves for Longitudinal Wire 
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Fig. A.6 Earthquake Simulator and Test Structure 
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Fig. A.7 Frame Reinforcement 
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Fig. A.9 Erection of Test Structures 
Wire 
Free Vibration 
I. Weight Hung From 
Wire to Displace 
Structure 
2. Wire Cut to Release 
Structure . 
Fig. A.IO Free-Vibration Test Setup 
Pulley 
100Ib 
LV 
lr1 
-.....J 
358 
II II II II 
Dynamometer 
I ~ 
IO-Ton Raml ' 
:If-[~ " 
A A 
t __ -.-1 
II II II II I 
-----m ....... _ Eo s t 
Ball Bearings 
Section A-A 
Fig. 11 Static Test Setup 
Steel 
Reference 
Column 
Typical Accelerometer 
Measure Minor Direction 
Horizontal Acceleration 
Typical LV DT 
Measure Major Direction 
Horizontal OiSPIacem1 
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Typical Accelerometer 
Measures Vertical 
Acceleration 
Typical Accelerometer 
Measure Major Direction 
Horizontal Acceleration 
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Fig. A.12 Instrument Location 
--. East 
360 
Fig. A.13 Instrumentation 
(a) LVDT's 
361 
Fig. A.13 (cont.) Instrumentation 
(b) Accelerometers 
INSTRUMENT 
COLUMN--
. ____ ENDEVCO 4470 SIGNAL CONDITIONER _____ _ 
'--LVDT.----.-- --~ ENDEVCO 4418.1 A AMPLIFIER ... 
--- VIDAR 611 SIGNAL CONDITIONER 
~ACCELEROMETER-~ DANA 3500 AMPLIFIER 
~ ENDEVCO 4470 SIGNAL CONDITIONER 
J: I I ' ENDEVCO 4479.2 SERVO ACCEL. CONDITIONER 
ANALOG TAPE IRECORDERS --------------
DIGITAL LSI 1 1/23 PROCESSOR 
A/D BOARD - DATA TRANSLATION DT2769 
REAL-TIME CLOCK 
DIGITIZED AT RUN CALIBRATED USING A 
1------ TIME _ 200 POINTS FORTRAN PROGRAM ---- FORMATTED DATA 
PER SECOND 
Fig. A.14 Signal Path 
w 
(J'\ 
N 
I>' 
I>' 
363 
TOWER STRUCTURE 
2 
1 
0- ndicates Level at 
Which Displacements 
Were Recorded. 
J 
1 
'//;Q"h 7777// /~17h //;//// 
STEPPED STRUCTURE 
Fig. A.lS Instrument Location During Static 
Tests Sl and S2 
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-"'lIIIIJIiiIIiLE- ,..._ ................... _or{ 
Ninth - Level. Lateral Load Test 
o Ind icates Level at 
Which Displacements 
Were Recorded. 
~_---:a:::::-- P r ov is iona I 
'-.....a------...... St rut s 
Sixth-Level Lateral Load Test 
Fig. A.16 Instrument Location During Static 
Tests S3 and S4 
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APPENDIX B 
HYSTERESIS MODEL 
The hysteresis model used in this investigation is a modified version 
of the Takeda hysteresis rules [72J. As described in Section 7.2.2, three 
modifications were made to represent the observed response of the test 
structures: (1) a third break-point was added to the primary curve 
(Fig. 7.3), (2) a cubic expression was used to define the reloading path, 
and (3) six hysteresis rules were used to define the shear-displacement 
relationship in each direction. The incremental stiffness at any point is 
dependent upon the maximum response in each direction and the maximum 
response during the current cycle. 
The hysteresis rules are defined in Table B.1. For simplicity, only 
the rules based on positive response are discussed. These rules define 
softening of the system associated with loading along the primary curve, 
unloading from the positive maxima, and reloading in the positive direction 
with a stiffening system after the maximum shear in the negative direction 
exceeded the shear coordinate at break-point (3). Similar rules apply for 
loading in the negative direction. 
Variables used in Table B.1 are defined below: 
V Shear coordinate at break-point ( 1 ) (cracking) . 
c 
V Shear coordinate at break-point (3) • 
s 
* V Shear coordinate at break-point ( 2) (yielding) . y 
!:. Displacement coordinate at break-poi nt ( 1 ) • 
c 
!:. Displacement coordinate at break-point (3) • 
s 
* !:.y Displacement coordinate at break-point (2) 
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v+ Maximum shear in the positive direction. 
max 
V Maximum shear in the negative direction. 
max 
+ ~ Maximum displacement in the positive direction. 
max 
~ Maximum displacement in the negative direction. 
max 
V+ Maximum positive shear during the current cycle. last 
V Maximum negative shear during the current cycle. last 
~ Coefficient defining the unloading slope, 0.4. 
n Current displacement. 
V Current shear. 
an Incremental displacement. 
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Table B.1 Hysteresis Rules 
RULE 1: Loading and Unloading Before Break-Point (1) 
d~ ~ 0 
Kl 
if V < 
K 
else 
goto 
endif 
+ V 
max 
+ 
~max 
d~ < 0 
if IV 
max 
K 
else 
K 
endif 
Loading 
V 
c 
~c 
V 
c 
Kl 
RULE 2 
+ V) max (Vmax ' 
+ ~) max (~max' 
: Unloading 
I < V c 
Kl 
V - V 
max 
b. - b. 
max 
Load along primary curve. 
If shear exceeds the shear 
at break-point (1), apply 
rule for loading between 
break-points (1) and (3). 
(Fig. B.1 (a)) 
Unloading slope depends on 
the maximum negative 
response. If the maximum 
negative shear is less than 
the shear at break-point 
(1), unload along the 
primary curve. Otherwise, 
unload directly toward the 
negative response maximum. 
( Fig. B. 1 (b) and ( c) ) 
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Table B.1 (cont.) Hysteresis Rules 
RULE 2: Loading and Unloading Between Break-Points (1) and (3) 
if V 
else 
endif 
+ V 
max 
+ 
b. max 
db. < 
K2 
< 
K 
goto 
0 
K3 
K 
V 
Loading 
s 
K2 
v - V 
s c 
RULE 4 
max 
+ (Vmax ' V) 
Unloading 
V+ - V 
max max 
+ 
b. - !J. 
max max 
K3 
goto RULE 3 
Loading along the primary 
curve. If shear exceeds 
shear at break-point (3) , 
apply rule for loading 
toward break-point (2)*. 
(Fig. B.2) 
Unload directly to the point 
of maximum negative 
response. 
(Fig. B.2) 
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Table B.l (cont.) Hysteresis Rules 
RULE 3: Unloading and Reloading After Break-Point (1) 
aD. < 0 Unloading 
if IVI ~ IV I Unload directly toward the 
point of maximum negative 
response. 
max 
K K3 
else 
goto RULE 1 for 
in the negative 
endif 
aD. ~ 0 Reloading 
+ if V < V max 
K K3 
else 
K K2 
goto RULE 2 
endif 
loading' 
direction. 
(Fig. B.2) 
Load along unloading slope 
defined in RULE 2 until 
shear exceeds the maximum 
positive shear. Then load 
along the primary curve. 
(Fig. o 'J' u.:;; 
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Table B.1 (cont.) Hysteresis Rules 
RULE 4: Loading and Unloading After Break-Point (3) 
if 
else 
K4 
* K4 
v < 
K 
V 
Loading 
Y 
K4 
v - V Y s 
!J.y - !J. s 
V 
0.03 -y-!J.y 
* K K4 
endif 
+ Vlast 
d!J. < 0 
+ K5 
K 
+ V) max (Vmax ' 
+ 
max (!J.max' !J.) 
+ V 
max 
Unloading 
+ K5 
goto RULE 5 
Load along primary curve. 
Use appropriate stiffness 
for loading before and after 
break-point (2)*. 
(Fig. B. 4(a)) 
Establish unloading slope 
based in the maximum 
positive response. 
(Fig. B.4(b)) 
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Table B.1 (cont.) Hysteresis Rules 
RULE 5: Unloading and Reloading After Break-Point (3) 
ail < 0 
if V ~ 
K K5 
else 
if V+ last 
K6 
K 
else 
Veil) 
K(il) 
endif 
endif 
Unloading 
0.0 
+ 
+ V 
max 
V - V 
max 
il max - il 
K6 
- il3 + - il2 + c, C2 
3C, il2 + 2C2 il + 
C3 
-C3 
-il + C4 
Unload along unloading slope 
established in RULE 4. 
Establish loading, rules in 
the negative direction based 
on the maximum response 
during the cycle after the 
shear coordinate passes 
through zero. If the cycle 
maximum equals the response 
maximum, load direc~ly 
toward the maximum negative 
response (Fig. B.5(a)). 
Otherwise, define a cubic 
relationship between shear 
and displacement for loading 
toward the maximum negative 
response (Fig. B.5(b)). 
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Tabie B.1 (cont.) Hysteresis Rules 
RULE 5 (cont.): Unloading ,and Reloading After Break-Point (3) 
~ 0 Reloading 
if v < 
+ K K5 
else 
if V+ last 
goto RULE 4 
else 
if 
K 
else 
V last 
K6+ 
endif 
endif 
endif 
+ V 
max 
V
max 
Reload along the unloading 
slope established in RULE 4 
until the shear exceeds the 
maximum shear during the 
cycle. If the maximum shear 
during the cycle is equal to 
the response maximum, load 
along the primary curve 
(Fig. B.5(c)). Otherwise, 
load along the path 
determined by the maximum 
negative response during the 
cycle (Fig. B.5.(d) and 
(e) ) • 
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Table B.l (cont.) Hysteresis Rules 
RULE 6: Loading and Unloading After Break-Point (3) 
in the Negative Direction 
Loading 
if V ~ V+ max 
if V V last max 
K K6+ 
else 
K(b.) + b. 2 + 3C, 
endif 
else 
goto RULE 2 
endif 
V+ V 
last 
abo < 0 Unloading 
+ if V < V 
max s 
gato RULE 2 
else 
goto RULE 5 
endif 
+ + 2C2 b. + C3 
Load along the path defined 
·by the maximum negative 
response during the cycle. 
( Fig. B . 6 ( a ) an d (b ) ) 
Establish cycle maximum. 
Unload directly toward the 
maximum negative response if 
the maximum positive shear 
is less than the shear at 
softening. Otherwise, 
unload along the slope 
established in RULE 4. 
(Fig. B.6(c) and (d)) 
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